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Foreword 


With this issue, the National Bureau of Standards initiates Section A, Physies and Chemistry, 
of its Journal of Research. For many years the Journal of Research has been the basie medium 
by which the Bureau reports its findings to the scientific community. But as science has developed, 
and the Bureau’s program with it, the Journal has become increasingly broad in scope and varied 
in content. It is hoped that division of the Journal into separate sections (effective July 1 of this 
vear) will enable it to reach more effectively various groups of scientists and engineers. 

In physies and chemistry, the Bureau is concerned primarily with standards, methods of meas- 
urement, fundamental constants, and the properties of materials. However, to fulfill its responsi- 
bilities in these areas, the Bureau must conduct basie and applied research in most branches of physies 
and chemistry. Thus, Section A, Physies and Chemistry, may be expected to report a broad spec- 
trum of research within these two sciences. Nevertheless, in selecting material, the editors of Section 
A plan to keep its editorial scope within well-defined, though extensive, boundaries. 

For example, Section A will not ordinarily include papers in physics and chemistry that are 
designed mainly for the mathematician or theoretical physicist. Such papers will be published in 
Section B, Mathematies and Mathematical Physies. Nor will Section A include papers whose 
principal emphasis is on instrumentation technique. Such papers will appear in Section C, Engi- 
neering and Instrumentation. Similarly, papers in radio propagation physies will be reserved for 
Section D, Radio Propagation. 

The editors of Section A plan to place major emphasis on material of the following types: 

1. Papers in the Bureau’s areas of primary responsibility, such as the science of measurement, 
fundamental constants, and properties of matter, 

2. Papers in areas where the Bureau staff has established a recognized leadership, such that the 
scientific publie naturally expects publication of new results in the Bureau’s Journal. 

3. Comprehensive and reasonably detailed papers of lasting significance. Such papers may well 
serve as basic, self-contained reference material for applied scientists, graduate students, and others. 
In some cases, preliminary publication in another journal may be followed Sy the more extensive 
report in Section A of the Journal of Research. 

In addition to research reports, we plan to present review articles by recognized authorities, 
critical tables, and compilations of information on subjects closely related to the Bureau’s mission. 
We shall also carry selected abstracts of NBS nonperiodical publications and of articles by the Bureau 
staff in professional journals. 

Much of the material which the Bureau has been publishing in nonperiodical form will hence- 
forth be directed to this and other sections of the Journal. However, when this type of material is 
too lengthy for presentation in the Journal, it will be published in a new nonperiodical series entitled 
NBS Monographs. 

We are confident that the editorial policy we have attempted to set forth above will provide the 
readers of Section A with «a varied vet reasonably homogeneous selection of interesting material. 
However, suggestions from readers regarding editorial content will alwavs be welcomed. 


U. Fano, Editor, 
Section A, Physies and Chemistry. 
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Description and Analysis of the First Spectrum of Iodine 
C. C. Kiess and C. H. Corliss 
(March 11, 1959) 


An extensive survey of the spectra of iodine has led to a list of more than 900 lines 
emitted by neutral atoms in the region from 23070 A inthe infrared to 1195 A inthe extreme 


ultraviolet. 


of spectrograms obtained with gratings of high dispersion. 


Wavelengths between 12304 A and 2061 A were derived from measurements 


Wavelengths of lines outside 


these limits are the computed values for lines observed on photometric tracings of the infra- 
red, inaccessible to photography, and in the ultraviolet with a vacuum-grating spectrograph. 
For many of the lines Zeeman patterns were obtained in a magnetic field of about 37,000 


oersteds. 


With these data many of the lines have been classified as combinations between 


odd levels from the electron configurations 5s? 5p* np and 5s? 5p* nf, and even levels from 
the configurations 5s?5ptns and 5s? 5ptnd. Among these levels several sets have been recog- 
nized as forming Rydberg sequences that are in close agreement in placing the ground 


state 5p® 2Piz of Tr at 84,340 cm! below the ground state 5p* ?P», of I 11. 
electron-volts for the ionization potential of the neutral iodine atom. 


This gives 10.45 
A strong infrared 


line at 13148.8 A is explained as a magnetic dipole transition between the levels of the ground 


term 5p> 2P°. 
1. Introduction 


The spectra absorbed and emitted by iodine in 
its atomic and molecular states have been the object 
of many investigations. In volumes 5 and 8 of his 
Handbuch der Spectroscopie, Kayser lists 352 papers, 
which appeared up to 1933, dealing with various 
aspects of the spectral behavior of this heavy mem- 
ber of the halogen family. Since that date addi- 
tional papers have appeared, of which some are 
cited below. But in spite of this abundant material, 
representing a vast amount of work, knowledge of 
the first spectrum of iodine, I 1, emitted by neutral 
atoms, has remained scanty and fragmentary, 
largely owing to the fact that important parts of the 
spectrum lie in the not easily accessible ultraviolet 
and infrared regions. It is the purpose of this 
paper to present a new description of the first spee- 
trum of iodine and an analysis of its term structure. 


2. Experimental Procedure 


The investigations of the first spectrum of iodine 
at the Bureau were made at two different times 
under different experimental conditions. The first 
series of observations was made more than 30 vears 
ago when chlorine and bromine [1] ! also were being 
investigated. The light source was a Geissler tube 
of Pyrex glass into which a small amount of dry 
iodine vapor could be admitted from time-to-time 
to replace that which was adsorbed on the walls 
of the tube or absorbed by its aluminum electrodes. 
The lamp was similar to that used in the experi- 
ments on chlorine and bromine, and was excited 
to luminescence in the same way, with an uncon- 
densed discharge from the high-voltage side of a 
40-kv transformer. The spectrograms were re- 
corded on plates sensitized to the green, orange, red, 
and infrared regions of the spectrum by bathing 
ordinary photoplates in solutions of the photo- 
sensitizing dyes available at that time; namely, 
pinaverdol, pinacyanol, dicyanin, and the newly 








Figures in brackets indicate the literature references at the end of this paper. 


discovered kryptocyanin. The spectrographs car- 
ried concave gratings of 21-ft radius of curvature, 
ruled with 7,500 and 20,000 lines per in. and set up 
in Wadsworth mountings. Each exposure to the 
light source was made with one-half the length of 
the spectrograph slit covered with a colored-glass 
filter so that both the first-order spectrum and the 
overlapping second order could be obtained at the 
same time. Each plate was exposed also to light 
from the iron are, in both the first and second orders, 
to obtain the necessary standard wavelengths for 
use in deriving the iodine wavelengths. Because 
the capillary of the discharge became discolored 
after a run of a few hours, it was necessary to make 
exposures of nearly 24-hr duration in order to photo- 
graph the lines of longest wavelength recorded on 
the plates. 

Measurement of these spectrograms yielded a 
list of approximately 400 wavelengths, with esti- 
mated intensities, extending from 9732 A in the 
infrared to 3820 A in the ultraviolet. This list 
was seemingly the most extensive description of the 
first spectrum of iodine then available and was being 
prepared for publication when the paper, ‘“The 
Are Spectrum of Iodine,’ by Evans [2] appeared. 
A comparison of his list and ours showed that they 
were essentially identical. This fact and also the 
fact that his paper contains the first real results 
for a classification of the iodine spectrum outside 
of the Schumann region induced us to defer publi- 
cation of our results until a substantial addition 
could be made to the description and analysis of 
the spectrum. 

The second series of observations was made at 
various times during the period from 1953 to 1957. 
Improved apparatus and new experimental proce- 
dures have made it possible to advance the descrip- 
tion of the iodine spectrum beyond the limits reached 
in the earlier work, and also to obtain Zeeman-effect 
observations that have led to a revision and exten- 
sion of its term structure. The new light source 
was an electrodeless discharge tube of the type 
described by Corliss, Westfall, and Bozman [3]. _ It 
was excited to luminescence in a field of 2,450 Me 








from a microwave oscillator. The plates used to 
record the spectra were ny types 1L03a-O-UYV, 103 


a-O, I-F, I-N, |-Q, and I-Z, according to the 
region investigated, and, where required, were 


hypersensitized in an ammonia bath by the method 
recommended by Burka [4]. Four coneave-grating 
spectrographs and a Hilger E 1 quartz-prism spectro- 
graph were used to obtain the spectrograms. The 
spectrographs carrying the gratings with 7,500 and 
15,000 lines per in. were used for the infrared and red 
regions where many new strong lines were found. 
For the shorter regions the grating with 30,000 lines 
per in. was used as well as the one with 15,000. For 
the extreme ultraviolet both the Hilger EL instru- 
ment and a 2-m glass grating ruled with 30,000 lines 
per in. and mounted in a vacuum chamber were used. 
All the spectrograms bore exposures to the iron are 
or other sources of standard lines to be used in the 
determination of the iodine wavelengths. 

For the Zeeman-effect observations the Weiss 
water-cooled magnet of the Bureau was used. With 
a current of 160 amp through the coils and a gap of 
5 mm between the pole pieces, a field of approxi- 
mately 37.000 oersteds was produced, The source 
between the pole pieces was also an electrodeless 
lamp of the type mentioned above, but of diameter 
4mm. A Wollaston prism of quartz placed between 
the light source and the projection lens of the spectro- 
graph separated the two polarizations on the slit, 
with space between them for a no-field) exposure. 
On plates appropriate for the regions under investiga- 
tion resolved maeonetic patterns were recorded. for 
nearly all the strong lines of Tt from 2062 A in the 
ultraviolet out to 11246 A in the infrared. Zeeman 
patterns were recorded also for some [it lines of 


long wavelength. 
3. Results 


The observational data and the 
atomic theory that are essential for the description 
of the spectrum of iodine and its term structure are 
embodied in the tables appended to this paper. In 
tables 1,2, and 3 are listed, in the first three columns, 
the wavelengths of the lines of I1, their estimated 
intensities and characteristics, and their wave 
numbers in vacuum. The letters after the intensits 


deductions from 


numbers have the following significance: ¢— par- 
tially resolved hyperfine structure (hfs); ¢— double; 
w—widened line owing to unresolved hfs; 4 — hazy, 


diffuse; Z—Zeeman pattern given in table 4. The 
letters “A and B indicate the type of shading dis- 
plaved by unresolved patterns; thus: <4 gee 
b . The term combinations in the fourth 


column of the tables are based on g- and J-values 
derived from the Zeeman-effect patterns of table 4. 

Although the intensities estimates made 
according to the usual practice of spectroscopists, an 
attempt has been made to bring them into closer 
ae with photometric standards than ts 
possible 1 a compressed linear scale in which the 
numbers are roughly proportional to the logarithms 
of the actual intensities. In table 2 the intensities 
are ihe measured heights of the peaks of the lines 
above the noise level of the recorder tracings. 


are 


In tables 1 and 3, however, an attempt has been 
made to sete the oshaventis ‘intensities into harmony 
with a photometric scale that reflects the enormous 
range in the strength of the lines. On this seale the 
faintest lines are arbitrarily assigned an intensity 1, 
and the strongest lines, that occur in the multiplet 
6s'P—6p'P° are designated as 10° times as strong, 
This ratio is based on an accurate determination of 
the relative strengths of Rowland ghosts to their 
parent lines. Thus, for the strongest lines estimates 
were made of the intensities of their ghosts, and then 
multiplied by the corresponding factors to establish 
the intensities of the parent lines. Although the 
scale was thus established to represent true relative 
strengths of lines in short ranges of the spectrum, no 
attempt was made to standardize them over longer 
ranges of wavelengths. In particular the intensity 
scale used in the vacuum region is several orders of 
magnitude less than that of the visible and infrared. 
A few of the longest wavelengths listed in table 1 
were measured also on the infrared recordings de- 
seribed above. The intensities derived for them from 
these observations are given in parentheses following 
the estimated photographic intensities, thereby giv- 
Ing a comparison of the relative sensitivity of the 
two modes of observation in a region near the limit 
of photographic detection. 

The terms to be expected theoretically on the 
assumption that LS-coupling governs the orbital and 
spin angular momenta of the atom are given in table 
5. Those actually found in this investigation are 
viven in tables 6 and 7. These terms make it possible 
to calculate accurate wavelengths for lines in the 
infrared and extreme ultraviolet rev1lons that lie 
bevond the reach of photographic recording with 
high-dispersion spectrographs. Such lines as have 
been observed by other investigators are given in 
tables 2 and 3 with waveleneths calculated from the 
ierms of tables 6 and 7. 


Lines listed in table 2 were observed 1 es 
Humphreys |5| at the Naval Ordnance Laboratory, 
Corona, and by EE. kK. Plyler [6] at the Bureau. In 


thiswork they used electrodeless-discharge |: uunps, Simii- 
lar to those mentioned above in conjunction with thei 
recording infrared spectrometers. These observa- 
tions, Which were made expressly for this investiga- 
tion, verify all but two of the new infrared lines 
measured by Eshbach and Fisher |7| and add several 
lines not previously observed. All the ultraviolet 
lines in table 3 were measured on spectrograms 
obtained with the 2-m vacuum-grating spectrograph 
of the Bureau. These data not only confirm the 
descriptions of It given by Turner [S], La Croute [9], 
MeLeod [10], and Hellerman [11], but increase by a 
factor of more than 4 the number of lines reported 
by these earlier observers. The light source was an 
electrodeless discharge of the type deseribed above 
but modified to incorporate a Lik window sealed 

the tube with an O-ring. The wavelengths listed in 
the first column are not the values derived directly 
from the but are values calculated 
from the energy levels given in tables 6 and 7. They 
therefore, indirectly from international 


measurements, 


were derived, 


secondary standard wavelengths, and are believed to 
to less than 0.005 A. They are recom- 
use as standards in the vacuum region. 


be correct 
mended for 


A problem of prime importance for the analysis of 


the first spectrum of iodine is the evaluation of the 
separation of the levels of the ground state 5p° ?P°. 


The lines at 2061.6 and 1830.4 A, which are due to 
the transitions 5p? ?P§.;-—6s?Pp, and 5p? ?P91, 
6s ¢Pa;, may be used for this purpose. These lines 


have been measured several times by different ob- 
servers, but the wavelengths reported for them are 
only approximately correct and are afflicted with the 
errors that are inherent in the reference lines against 
which they were measured. In the present work 
the mean wavelength of the longer line has been 
determined as 2061.633 A, from seven observations, 
made with high dispersion in the higher orders of 
the gratings, relative to international secondary 
standards in the iron are spectrum. 

The wavelength of the shorter line was determined 
as 830.3580 A from measurements relative to internal 
standards selected from the iodine spectrum itself. 
These lines are at 1876, 1844, 1799, 1702, and 1593 A, 
and appear with 1830 A on spectrograms made with 
the vacuum-grating spectrograph. We have deter- 
mined accurate wavelengths for them, from measure- 
ments of lines of longer wavelength on high-dispersion 
spectrograms, by making use of the combination 
principle. Thus, we find the following level-separa- 
tions, which are mean values of the wave-number 
differences between numerous pairs of well-measured 
lines: 


tos ee Os *F’ 4803.: oY ecm 
68 *P)1,—6s *Pp 5426.93 em7! 
6s 2P, 6s 2Py,= 7093.88 em? 


6s’ 2D), —6s 2Py,=10262.33 em™ 


nd 5, l, Os Pg 14262.05 em 

By adding each of these numbers to 48489.73 em77, 

the wavenumber of 2061 A, we obtain the wavenum- 

bers, and thence the exact) waveiengths, of the 

selected standards. These are given in table 3. 
With the accurate values thus established for the 

two transitions given above we have: 


54633.46 em7! 


1459.42 em! 


1830.380 A is 5p” Pe, Os i 


6s *P».—6s *Py, 


1782.758 A is S5p® ?P 4%, 56092.88 
Ais 5p? Phi. Os Js 


*P2 


Ox *P ix 


2061.633 48489.73 em7! 


5p* *Ps..—5p* 7603.15 emo! 


4. Term Structure of I: 


The spectrum to be expected theoretically for 
neutral iodine atoms, if LS-coupling governs their 
behavior under excitation, is that based on the terms 
given in table 5. In the unexecited state of the atom 


the electron configuration is 5s? 5p°, which yields an 
inverted ?P term of odd parity. The higher states of 
even and odd parity arise when excitation of the 
atom leads to the electron configurations listed in the 
first column of table 5. lonization of the atom leaves 
it in one of the states represented by the *P, 'D, and 
'S terms of the basic electron configuration 5s? 5p* of 
the ion I~. These three terms give rise, therefore, 
to the three families of terms that are likely to 
produce the strongest lines of the spectrum Ir. A 
fourth family also is expected based on the addition 
of s. P, d, ete., electrons to the 5p configuration. 
The terms from these configurations will be doublets, 
and the lines arising from their combinations pro- 
bably will be among the weaker lines of the spectrum. 

The first real regularity in the spectrum of iodine 
was announced by Turner [12] who found the wave- 
number interval of approximately 7,600 em! re- 
curring among several pairs of the lines observed by 
him in the Schumann region. Subsequently he cor- 
rectly suggested that this difference represents the 
separation of the levels in the ground term ?P of the 
5s? S5p® electron configuration. From this starting 
point all further advances in the interpretation of the 
first spectrum of iodine have been made. Evans 
(2], Deb [13], and Murakawa [14], in their analyses, 
have recognized these lines as resulting from the 
6s —> 5p transition, but they are not in agreement on 
their designations of the individual levels of the 
5p' 6s configuration. Inasmuch as the interpreta- 
tions of Lr offered by these investigators all rest on 
the 6s-levels it is, therefore, not surprising that there 
is disagreement among them. 

The classifications of the lines of Ir given in this 


paper likewise are based on the 6s-levels. With g- 
and J-values derived from well-resolved Zeeman 


patterns it is now possible to designate these levels 
with certainty and also some of the higher np-levels 
with which they combine. Increasing excitation of 
the iodine atoms brings into play still higher levels 
from the np? nd, ns, “and nf electrons, but it is difficult 
to designate hewn with certainty because the g-values 
indicate a breakdown of the orbital and spin momenta 
to a coupling scheme between pure LS-coupling and 


jj-coupling, probably j/-coupling described by Racah 


[15]. 

Most of the levels of It that are given in tables 6 
and 7 result from the addition of ns, np, nd, and nf 
decwine to the lowest energy states °P, 'D, and 'S 
of Lit. These were reported first by LaCroute [9] 
whose analysis, giving the relative positions of these 
terms, shows that the levels of °P are separated by 
large differences in wave number. This fact has 
been an important guide in the analysis of I 1, for 
nearly all the terms derived from °P show similar 
characteristics. The eight levels of the 5s? 5p* 6s 
electron configuration all closely conform to the 
pattern of spacing exhibited by their parentage. 
This is confirmed by the g-values of these levels, 
which are nearly equal to the g’s for LS-coupling 


their sum being Yg,,,.— 11.985 as compared with 
Yyzs—= 12.000. 
Of the levels coming from configurations with 








np, nd, and nf electrons, only those derived from °P 
levels can be designated with certainty. Here again 
the classifications rest on level intervals and g-values; 
but the g-values now show marked deviations from 


LS-q’s, owing to configuration imteraction, and 
there is a tendency for levels to form pairs. 


In the case of the 13 levels derived by adding 
a 6p-electron to the parent term °P, g-sharing is such 
as to remove all resemblance to LS g-values, vet 


their sums are nearly equal, namely Yg,).— 17.847 
and Ygzs—18.000. Few if any levels from the 


parent terms, ‘D and 'S, are definitely established. 
5. Series and Ionization Potential. 


Before the first attempts were made to unravel 
the spectrum of iodine, several investigators reported 
the results of their measurements of critical and 
ionizing potentials in iodine vapor. Thus, in the 
period from 1920 to 1924, values of the ionization 
potential from 10 to 10.5 ev were reported by Found 
[16], Mohler and Foote [17], Duffendack [18], and 
Mackay [19]. From these results it was evident that 
the separation ?P?i;—*P. between the ground 
states of I 1 and [ir is approximately 85,000 em7'. 
Although the series announced by Deb [9] and by 
Price [20] give limits in close agreement with this 
value; vet, in-the light of the present analysis, their 
series must be considered fictitious and the ionization 
potentials derived from them fortuitous. 

The first physically real series of I 1 was given by 
Evans [2] in his analvsis of the spectrum. Two of 
his levels in combination with the 6s-term accounted 
for two pairs of strong lines separated by the same 
difference in wave number. The limit and ioniza- 
tion potential derived from them are within the 
range of the experimental values cited above. This 
series has been confirmed and extended in the present 
work. Other series of three and more members have 
been found also, as set forth in table 8. Four of 
these series, with four and five members, represent- 
ing the migration of the s, p, and d electrons, have 
been used to calculate the separation of the ground 
states of Tt and [1m and the corresponding ioniza- 
tion potential. A Ritz formula R/(m-—-a+-8/m?)? 
has been evaluated for the variable terms of these 
series, and with the values given in the table for a 
and 8, it is found to represent the series very closely. 
In fact the first solutions of this formula were found 
to fit series of three members closely enough to pre- 
dict higher series members that were subsequently 
found. The individual determinations of the inter- 
val ?P{:-—*P, between the ground states of [1 
and I 1 are in close agreement among themselves, 
and when an unweighted average of them is taken, 
vield a value of 84,340 em7!. From this an ioniza- 
tion potential of 10.45 ev is derived for the work 
required to remove a p-electron from the configuration 


- 9 


DS" Op”. 


6. The Continuous Spectra 


An outstanding feature of the spectra of iodine 
emitted by the electrodeless lamps used in this in- 


vestigation is a succession of continua extending 
from 4800 A in the blue to 2900 A in the ultraviolet. 
These bands have been encountered by nearly all 
observers who have studied the spectra emitted by 
iodine molecules and atoms subjected to various 
modes of excitation. Perhaps the best description 
of them is that published by Curtis and Evans {21}, 
Our observations are in agreement with their view 
that these continua belong to two systems, the one 
consisting of a single band or of several broad over- 
lapping bands between 4800 and 4035 A, the other 
consisting of a very broad strong band followed by 
several groups of much fainter and narrower bands, 
In each of these groups the individual bands are 
about 25 A in width, nearly equally spaced, and in- 
crease in intensity to a maximum near the center of 
the group and then decline. The mean separation of 
the bands is 210 em7'!, which is exactly the separa- 
tion of the vibrational levels of the ground state of 
the I, molecule as found by Kimura and Mivanashi 
(22] in their study of the ultraviolet absorption bands 
of I,. This fact casts doubt on the results of various 
investigators who have sought to aseribe the bands 
to atomie recombination processes. A deseription of 
these emission features as recorded on our spectro- 
grams is given in table 9. Their presence is unwel- 
come in investigations of [1 because they mask com- 
pletely the fainter and widened lines and attenuate 
differences in intensity of measurable lines that ap- 
pear on the continuous background. 


7. Discussion 


The analysis of the first spectrum of iodine, pre- 
sented in the preceding pages, shows clearly that in 
its excited states the atom has departed from LS- 
coupling and has reached a stage in intermediate 
coupling. Since the g-value of 5p? ?Po., of the ground 
state, is very closely that given by LS-coupling, we 
may assume that the g-value of the lowest member of 
the ground term, 5p°?P i, is also that for LS-cou- 
pling. In the first excited states, however, arising 
from the electron configuration 5s? 5p? 6s, the de- 
parture from LS-coupling is marked, Although the 
g-Values deviate only slightly from the LS-values, 
the levels of the *P and ?P terms show the separations 
that are characteristic of their parent term, ®P, the 
ground state of Tar This is in accord with the 
scheme for the p* configuration in’ intermediate 
coupling as illustrated I Condon and She rtles [25]. 

In the configurations containing np-electrons, in 
which #26, almost all resemblance to LS-coupling 
has disappeared from the term = structure. The 
g-Values for all the levels deviate strongly from the 
LS-values, except those for ‘D8i, and *D&1,; for which 
the deviation is slight. The levels fall into a pair 
structure, of the kind prescribed by Racah [15] for 


jl-coupling, in which the level separations bear no 


resemblance whatsoever to those of LS-coupling. 
The g-values calculated for the np-levels with Racah’s 
formula fit the observed q’s more closely than do the 
q’s of LS-coupling. A similar situation holds for 
levels from configurations with nd-clectrons, and also 


with nf-electrons. The nf-levels fall very close to 
each other so that lines originating in them are sepa- 
rated by intervals less than those imposed by a mag- 
netic field, say, of 35,000 oersteds. All of these lines 
for which magnetic patterns appear on our spectro- 
erams of the Zeeman effect show the unsymmetrical 
structures, due to Paschen-Back interaction, similar 
to those described by Kiess and Shortley |24] for 
lines of oxvgen and nitrogen. 

These matters raise the question as to the appro- 
priateness of the designations used for the energy 
levels of a heavy atom such as iodine. It is obvious 
that in a complex spectrum manifesting in its various 
states a transition from one coupling scheme to 
another, no single scheme of notation will be ade- 
quate or satisfactory. The only notation scheme 
that has achieved a status of widespread usage and 
permanence is the one devised for spectra built on 
LS-coupling. It is here emphasized that the use of 
it, in this paper, for levels that do not result from 
this coupling scheme, is for convenience in designat- 
ing them, and not for attaching to them the quantum 
significance usually conveyed by the LS-svmbols. 

An inspection of table 1 will show that some lines 
have resisted all attempts to classify them. There 
is no doubt, however, that they belong to [1; but the 
necessary links to connect them to known or, as vet, 
unknown levels have not been found. One of the 
lines left unclassified after the bulk of the analysis 
had been completed is the relatively strong infrared 
line at 13149.19 A as measured by Eshback and 
Fisher [7]. This line, measured by us also on the 
recordings of the infrared spectrum of iodine by 
Plyler and by Humphreys, has a wave number 
practically identical with the separation of the levels 
in the 2P° ground term of the iodine atom. Accord- 
ingly it is designated in table 2 as the forbidden transi- 
tion ?POi-—? Pos and a wavelength corresponding to 
the wave number 7603.15 em?! is calculated for it. 
A similar transition has been reported by Edlén {25} 
for the isoelectronic spectrum Xe um. We have tried 
to photograph this line on EK-—IZ plates so as to get 
a more accurate value of its wavelength, but the 
experiments were unsuccessful. Our belief that our 
designation of it is correct is substantiated by the 
discovery of similar transitions between the meta- 
stable levels of T 1, as reported by Martin and Corliss 
in their forthcoming paper on I 1. 





Tanus I. 


Wave : 


length 


Wave 
number 


Intensity Designation 


12304. 77 10(435) | 8124. 71 6p AShi,—nd by, 
12136. OS 5w (180); 8237. 65 nad 5.1 np Ziv 
12097. 44 2 $263. 96 nd 52,—6p’ ?Pir 
12033. 94 60 8307. 57) 6p 4D3u,—nd 1031, 
12023. 74 8 S314. 61 6s 2 Pou—b6p * Por; 
11996, 92 75(510) | 8333. 20 6p 2Dii,—nd 103. 
11866. 00 2 8425. 14) nd 5.114,—7Tp ?Pig 
11779. 17 30) (4¢q) 8487. 24 6p §Siu—nd Th, 
11778. O1 15) ‘ $488. 0S 

11761. 74 2 | 8499, 82, nd 5.14,—8p ?D3x 


In conclusion we acknowledge our indebtedness to 
several of our colleagues for data used in this inves- 
tigation. Both C. J. Humphreys and E. K. Plyler 
made observations of the infrared spectrum of iodine 
beyond the reach of photography. Their data are 
presented in table 3. W. F. Meggers and R. Zalubas 
measured the magnetic patterns of numerous iodine 
lines during their investigations of spectra emitted 
bv various electrodeless metal-halide lamps. Finaily, 
W. C. Martin, Jr., made new measurements of 
iodine spectra in the extreme ultraviolet that have 
surpassed in extent and accuracy earlier descriptions 
of these spectra. It isa pleasure for us to thank each 
for his contribution to this paper. 
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ip ‘PD 


Ss 2P 
nd 20), 


Rs 4P 
Ss *P, 


7s *Py, 


Wave- 
leneth 


$023. 


SOUCY. 
SOOS. 
TOUS 


7995 


797A. 
7969. 
TOBS. 
7960. 


1955 


7951 


7944 


7941, § 


7927. 


7927. 


Ol 
1 
63 
O01 
63 


1S 
1S 
bl 
90 


OY 


7922, 23 
7914. 70 
7909, OS 
7907. 86 
7904, 45 
7903. 27 
TSO, 41 
7TSO7. OS 
7892. 43 
TSOO. SO 
7TSS6. OO 
7885. 72 
7SO4. 56 
TSOL. 20 
7846. 21 
7813. 39 
Jie. 5) 
7789. 48 
711. 39 
7768. 13 
Tior8. 8O 
4429, O2 
Fp R River ee 4 
77200. 20 
7O96, 92 
O71. O1 
7670. OZ 
TOLL. 16 
TOHOA, SS 
TOSS. 6O 
fad1..25 
7556. 65 
7954. 18 
7547. 03 
7539. 66 
7981. 81 
7490, 52 
7483. 97 
4476. 45 
7468. 99 
7468. 45 
7468. 16 
7448. 11 
7446. 37 
7444. 91 


Intensity 


3007 


» 


10007 
10 
3 


2007 
5007 


» 
50d 
10dZ 


200c 
250¢Z 


}()/ 
25 
ay 
2000¢Z 
He 


20007 
10d 
Dd 
2007 
1007 


100 
500d Z 
20007 
dh 

200 


2007 
50067 


10 
25d 

2d 
300d Z 
100d 


Continued 


Wave 


number 


12460. 
12481. ot 
12490. ¢ 
12499 
12503. 40 


12536. 56 
12544. 42 
12545. 
12558. 
12565. S4 


257.01 
12583. ¢ 
POSS, 83 
12610. 15 
12611. 49 


12619. $ 
12631 
12640. 2% 
12642. 
12647, 


12649. 5] 


12655. 70 
12657. 99 
12666, 89 


12669 42 


12677. 22 
12677. 66 
ieelk wa 
Zi 1%. 21 
12741. 51 
12795. 03 
12829. 31 
12834. 30 
12852. 60 


12885. 05 
12034. 86 


| 


Designation 


6s’ 27D, 
Op Ishi 


6s Po 


6s’ 2D): 


nd lyn, 
Op {P51 
nd 1h, 
6p *P ix. 


Op Si, 


6s’ 2D 
nd i, 


nd } Ly, 


nd 3 
nd 3 


Op +P 


nd 2 


nd ?, 
nd 2, 


bp ‘Pe 
6p 4P5 
nd Bo. 
Gs APh 
Op ipe.. 
6s’ 2D: 
6s 4Py 
47) 
2 $1, 
2Ds.. 


bp 
Op 
bp 


Op iy) 
6s’ 2D, 


6s #Py 
Op ‘Di, 


6p ?Di, 
nd Vy, 
Op Sis 

Op {Pb 


Sp 4Sj 
8s 4P 
6p §D5 
Sp 2Ds 
jf lj ° 
Ss 4P 
df 351, 
1342 
8s 2P, 
np 2; 
Sf Six 
Of GF 
Of 23 
Of 45 
8s ?P 
Of | 
Of 3 
Of 4 
Sp +P 
Sp is 
Sp I) 
Qe 4P 
Sp ‘Ps 


Qe 2pP 


apes 


Sp ‘]) 


nd 21 2 
1540 
7p 4D 
Tp 4P 


nd Zz 


Sp ip 
7p 3s) 
Od 4D 51 
7. 4P, 


6d if) 


6d 4#P 


Sp ?Pe : 


7p DD 
Od or 


nd 22, 


Op IS; 
= ip % 
as Ol, 
-7s ?Por 


TABLE 1. Wavelengths and term combinations of 11—Continued 


Wave- Intensity Wave Designation Wave- Intensity Wave Designation 
length number length number 


7444. OS 8 13429. 80 7018. 42 30 14244. 30) 6p 4P35u—nd 2331, 
7437. 41 Sd 13441. 01 7018. 24 100 14244. 66) 6p 4D§,—9s #Pay 
7421. 98 6 13469. 78 7016. 20 20 14261. 00 
7420. 01 200 13473. 37 7006. 16 5 14269. 23) 68’ ?Di,—9p *P 3x4 
7418. 96 12 13475. 27 6993. 41 100d 14295. 24, 6p 4Sii,—7s 2Pow 
| 
7418. 26 100 13476. 54 nd 2-—7f 131. 6991. 89 30 14298. 34| 
7416. 48 5007 13479. 78) 6s’ ?Du.—af liv, 6989. 78 | 500 14302. 66) 6p ?D3i.—9s 2Pyg 
7414. 50 50 13483. 38 68 4Pig—Tp *Piy 6986. 51 | 400 14309. 36) 
7413. 60 200d Z 13485. 01) 68’ 2Dy,—Af 2in, 6985. 13 | 10 14312. 18} 6p 1Piu,—nd 296 
7411. 20 200Z 13489. 38) 6s’ @Dyz—5f 351, 6959. O09 50 14365. 73) 6s’ ?>Di;—9p ‘Siu 
7410. 50 10007 13490. 66 6940, 98 50d 14403. 22) 
74102. 06 50007 13506. 04 6p ?D3i,—nd 2331 6939. 71 Sw 14405. 86) 6p *Siu,—nd 24i1, 
7390. 78 0c 13526. 65) 6s’ "Diy, 5f Six 6939, 21 15e 14406. 90) 6s 4Pos—Tp 4Pix, 
7285 58 15d 13536. 18 6928. 82 100 14428. 50) 6p 4Sfi;—nd Zag 
7384. O08 150dZ 135388. 92) 6p 4Piig—nd 24iy 6922. 05 2 14442. " 6s’ 2D; —9p 2Dixg 
7341. 23 a) 13617. 95 6p *Pii,—7d *P a, 6899. 61 20d 14489. 58) 6p *P5:;,-—nd 24i1, 
a 336 a Sasi 13626. 75 nd 325—np Brg 6856. 75 50 14580. 15) 6p #P iu; —nd 31), 
7335. 40 3 13628. 77, Gp ‘pe ie 26, 6849, 46 10 14595. 66) ia wi 
7222 79 ns 13631. 90 Op iw—nd 26. lor, cea ake ne gyi) Op jig — Nd 3014 
“306 15 “i 13683. 33 ee " 14603. 84)1 Gs? 3D 2,—9p *Ping 
. 6843. 07 15 14609, 29) 
=2 . 13684. 69) 68" 2Dyy—np Big | 
sre ‘ a. 7 13720. 35 Gp ‘Ps nd 2731. 6832, 42 I 14632. 07 6p *Pin,—nd 81. Ane 
=960. 97 25] 13751. 43) bp 2D si,—nd 2411, HS831. 56 3 14633. 90) Gp *Piug—S8d t Pog 
7263. 61 25 13763. 48 Op *P; nd 27.1 2146 6812. 30 D0 14675. 24) Op Pix. nd 3211 
7250. OS 1l00cZ 13770. 35) 68" ?Diaz—np ing 6808. 85 LO 14682. 71) 6p *Pig—nd 32. log 
6789. 23 60Z 14725. 15 6s 4Pou—Tp *Pig 
pee , Onn: 13774. 00! 6p 2Ds3 nd 251 
| a 13801. 70 6s 4Pu,—7p *Pix 6788. 04 20 14727. 72nd Ang Th Viv 
7237. 84 500Z 3812.48 ae 6134. 58 50 14735. 25) ond Ing Tp *Din, 
ace 2. ; 13814 50| 6s’ 2D. 5f 1s 6765. 27 2 14777. 30) 6s 2Doar YD 2Diu, 
6236, 78 10002 2817 ae 6741, 52 300¢ 14829. 36 
7235. 01 200 13817. 88 ere me gas o4| ¢ 26; 
- 6739. 44 100 14833. 94) 6p 4Piuz—nd 261, 
enc 2Q9 4 Op 4Ph nd 28 | 
#233. 81 100— ones a Gs! pe F : 2° ts 6738. 05 100d 14837. 00) 6p *Piig—-nd 26.1, 
7231. 82 2007 13823. 98) 8 th Oks 736, 5s 40, 35 7 
7230, 13 80 13827. 21} 6s’ ?Do,—af 4%, 6736. 53 100 1540. oo} ig, re 
— 5 — 13829 48 6732. 03 100Z 14850. 27 6s 2D, Of Isis 
ae aa || foes 13832 62| 68" 2Do,—df 4.1 6726, 92 | 200d 14861. 55) 68" *Dis—6f dis, 
6227. 30 (OOZ ica iia Tt 6722. 73 20cw 14870. 81) 6s’ 2D; —6f Sin, 
7221. 10 5 13844. 50 rif xe re : hide 6722. 12 Sew 14872. 15) 6s’ 2Dyz—6f bi, 
7212. 50 20¢ 13861. 00 sate ork 6702. 35 5e 14916. 02 nd lye—np 651 
T1Y2. 52 30062 st a a _— 6698. 56 252 14924. 47, 6s’ 2Doz—9p 4D Sx 
TOL, 66 100dZ LSOOL, 14 pal’ s 6698. 46 2002 14924. 69) 6p 4See—9s 4 Poi, 
4182. 79 300 13918. 34 NA Tyig—bf 95 6698. LO 60 14925. 49) 6p 4P ig —nd 271), 
“178 03 20) 13927. 56 nd \yy, OF 904 6697, 29 50067 14927. 30 
7177. 35 20) 13928. 89 nd 1y4—6f Dis, 6683. 92 50 14957. 16) 6p 4ASiuz-—9s 2Pyig 
TIO. 79 10002 13953. 30) SP Six —6d "Pax 6662, 10 4002 15006. 15, 6p *Dig—Td * Dx, 
7148. 63 100cZ 13084. 84 Op Pin, is ‘Pir 6O6L. 11 500Z 15008. 38 6p *P3u.—9s 4Poe 
7142.06 20007 13997. 71, Op #Pa;—6d A Dar, 6660, 34 100 15010. 11) 6p 4D §.,—7d 4#P a, 
‘nm 272 7 4 
7137. 12 10 14007. 39 6650. 79 50 15031. 66 i nA Dis — a3 
7135. 55 60 14010, 48) 6p #P hind 28.214 6644. 26 30) 5046. 4 Po 2D, an 
7131. 06 oe 14019. 32) 6s’ 2Doy—np 3iv er boagoes patie 1S - a 3 bi ill Dis 
slo 1Ocu ae a "4 6619, 66 5000Z 15102. 35} 6p 4D3u.—7d 4F 41, 
(122. 05 12007 14057. O4 bp *PS, Gd 4Porg 6604. 07 > 5122 sp 2D 3. 97. 
7120. 05 500 14040. 98 — Gp 4Si, —nd 22) ietageed “py 15138. OO" 6p Dace Blue 
4120. 05 D007 : I 1h, 3 6598. O8 12¢ 15151. 74 68' 2D, ~T p 2Shue 
7107. 43 65e 14065. 91 nd 2i4.—np 7% GOSS. 67 4 15173. 38 6p {Pig nd 35034 
7095. 17 SO 14090. 22) 6p 4Pii, —9s 2P a GO85. 2% 10002 Lo1st. 22 Gp D515 nd 27. low 
O87, 76 200c 14104.95 68’ 2Doz—np dig aa “a ee Ae, oe ee 
7085. 05 5e 14110.34) 6s 2Pyg—4f On, ——— | = 15186. 64) 68" *Dayc—Of 2irg 
7077.87 300 14124.65 6p 4P5,—nd 22, 6581. 30 25 speitcliaed 
; 6580.53 | 200 15192. 16) 
7063. 59 3002 14153. 21 6s *Pus—Tp Six 6578. 78 50 15196. 20, 6s’ 2Doi—6f 3iig 
7055. 30 20) 14169. 84, 6s ?Pow—4f 4% CEPR csam mall Of Mac -Or Ms, 
7045. 11 5 14190. 34 6p *Pa, —10s #P a, Gol. 8 100d 15198. 74 { 6p ‘D$., ad Wore 
7031. 62 Sw 14217.56) 6s ?Poy—4f 5. 1h 6575. 35 80 15204. 13 ; ; 
7030. 40 5 14220.02, 6s ?Pox,—4f 6ix 6574.21 | = 20cew ~— 15206. 75) 6s’ 2Day,—6f 6i, 





TABLE i Wavrele ngths ond term combinctions of 11 Continued 


Wave- Jnitensits Wave Designation Wave- Tntensity Wave Designation 
length number length number 
6570. 38 1507 15215. 62) 6p Pix — nd 28.2), 6183. 9S de 16166. 34 Gp *PSi,—nd 28.2); 
6566. 4% 100027 15224.64 6p 2DSi, nd 28a, 6173. 62 3h 16193. 48 6s’ 2Da, np 65 
6564. SO 200¢Z 15228. 56 6s 2Pu, 6p! PP iy 6168. 71 3 16206. 37 
6560, 82 3007 15237. 79) 6p 2D51,—nd 28. low G147. 48 50 16262. 47 Op Asi 10s 4P, 
6547. 34 50 15269. 17 6115. 97 1O0Z 16346. 120 Gp tPs 10s 4Po, 
6480. F] 6 15106. 18 6s ?Poxs—np 2% 6101. 71 20 16384. 31 
6455. 10 30027 15408. 58 6s ?Pps—6p 2Piy 6OS2. 43 LO007 16436. 26 6s 2Pi,—tp 4D 
6479. 89 60 15428. 11 6p ?Ds,- nd 28.2\1, 6073. 46 5OZ 16460. 58 6s AP, AP Ah 
6479. 24 50 15429. 65) Gp A*Piu—nd 87 a4 6055. 96 SOZ 16508. 10 Gs #P, 1f 5.1 
6477. 39 20 15434.06 9 6p 4Pir, nd B8n, 6055, 03 30d 16510. 68 6s *Pou,—4f 6; 
6455. OO 5OZ 15487. 60 6s Pp Hf Vin, 6053. 49 300d 7 16514. 83 6s 22, Sp?P 
6442. 58 30 15517. 45 Gp *Piig—nd 291, HOA 41 60 16539. 64 
6434. 49 107 15536. 96 6s AP y 1f Aji, 6042. 71 100 16544. 30 
6433. 28 307 15539. 88 6s *Pyc—4f 531 HO4L, 24 10 16548. 31 
6415. «0 LOO 15582. 46 G024.08 200047 16595, 46) ©°, °Dax—np Vix 
| 6s 4] ; Op | 
6414. SO 12d 15584. 64 bs #P, Hf 5. Vj 
6413. S4 12d 15586. OS 6s 4P, tf 6; HOLS. 37 1) 16619. 49) 6p AD, 9d 4D 
6411, 22 50cZ 15593. 35 6s 2Pog — Tp 2Pin, 6O04. 99 20) 16648, 22 6s 2Pm,— Sf 1} 
6378. 70 200 15672. 85 6s’ ?Da, np 5h 6003. 54 3 16652. 23 6p 4S; nd 3 
apr. os Kessel ais ¥ & ce ‘ . 
6376. 33 ated 15678. 68) 6s! *Dy.5— 7p *D3 SUS4. 86 300 16704, 21 ei a a He 
6371. 68 1007 15690, 12 6p 4Siu,—7d 4P. 5984. 23 200 16705. 97 Op Is; 8d 4Pou, 
opm } oe ; cae me 
636%. 28 100d Z 15 «00. Bal op Sy, nd 26, ‘ 5981. 26 107 16714. 26 Gs 2P, 6p 2De, 
6366. 64 ov 15702. 47 Os 21). é p ‘Din, ~( =a ‘3 4p f whe 
6366, 05 LOcw 15703. 98 A pe et eae an had 
3 T-4 | . & C =e) ) . 2 2p, . on It OO o vid, ( ’ 3h, ide 2h, 
6359. 16 5O0OZ 15/21. 3] 6s ?Pi,—6p APSh, 9973. 50 60 16735, 9S 6p *PSi,——nd 3141, 
6355. 57 | 150 15729. 89 6p 2Diiz—nd 2% 5969. 36 | 16047. 58 6p Sh, — nd 32, 
6339. 44 10007 15769. 91 6p 4Ps,—Td *D, 5068, 26 150) 16750. 67 
6337.85 20007 15773. 87 6p APS, 7d §P» 5967. SI 16751.92 6p *Pin, nd 38.2 
6333. 50 100 15784. 700 6p APS, —nd 261, 5967. 46 3 16752. 92 6p 2Dsa, nd 36. 
6330. 37 SO0Z 15792. 51 Op Shi, —nd 27, FOGG. 76 100 16754. 88 tip So, nd 32.] 
5960. 40 30067 16772. 76 6s #Ph, —np 2; 
6323. 82 70 15808. 860 6p APi, nd BOn, 
6313. 13 5007 15835. 63 6p Sp, nd 27.1», 3956. 87 230) 16782, 79 { 8p *Ps, 8d *D 
6312. 50 100 15837. 21 9 6p 4Piu, —nd 31.1 (6s ?Ph, np Tj 
6303. 93 I 15858. 74. 6s’ 2D np 05 5955. 00 50 LGTS7. 96 
6297. 00 100dZ 15876. 20) 6p 4P5, nd 27h, OYD4. 3S 150) 16789, 720 Gp APs 8d 4P 
SUNT. 7S 2 1GSO8. 34 
6295. 24 30 15880. 63 6p 4Pa.— nd 32 9943, OF | IGS21. 67 6p YD nd do 
eee) ee eee) Gees Oe 5934. 03 25 16847.29 6p2Da, nd 37 
6292. 36 lOew. Li L5SS87. 90 Op ‘pe nd 32. ; 539 (2 g 16853. 00 6x 2P : ws 
6290. 61 100 15892. 32 6p ISh, nd 28.1 SOIL I; _ 16912. | 6e4P “i 
6280. 03 Que 15919, 10 6p AP: nd 27.1 $ 4 gates ee ee age aoe 
; SSU4 03 20007 16961. 68 6s 2?Pi1.,—bp 2P% 
5 ip <P 5 Z ‘Oar ae 4a To 
6262. 78 10) 15962. 94 6p 4PS, —nd 28 ae sani penne ae nalthe _e 
6259, 12 25 15972. 27 DS6S. OS > 17034. SO bx 4P Sp -1} 
6240. 14 1() 15997. 78 op “1D nd 3] 5S45. O4 ) 171038. OS bp is: nd 33 
6246, 14 200 16005. 53 6s’ 2D (f 13 5820, 85 50 IT14S. 36 6p 4D 1Od 4B, 
6245, 38 Sv) 1GO07, 42 5823. 20 D0 17167. 94 Gp *Ps its *P, 
DSTO. 19 5h 17206. 37 ip ?D nd AO 
6244. 72 1) 16009. 10 
6244. 48 SOOZ 16009, 72. Es’ 2D 7f2 DTSO. 65 SOZ 17294. 31 bs ?P, 6p *Dix. 
6244. 00 100 16010. 96 5764. 33 LO00d 7 lista: Zi ts 'P op 1]); 
6243. 17 H0d 16013. 08 6s"? Da, Tp AD, 5TSL. 06 100 17383, 29){ OP 'Pi«—9d “D 
6242. 70 10 16014. 29 6s’ 2D, -10p 4D ry Ken 2 (U 6s #Piy 8p tP i 
5743. 90 1502 17404. 96 bs 4P Sp 4P 
6240, 83 200 1601909 Gp AD, -S8d 4D 9142.98 av 1400. 74 Op Sh, nd 36, 
6238. 12 8 16026. 04 6p 4Du, 8d AP a, 5732. 66 Gew 17439, 07 
6233. 50 1007 16037. 92 Gs 7P, Sp *P; 5715. 55 10 17491. 29 Op iP nd 36 
6230. 91 20 16044. 58) Gp 2Ds —8d 4D 5706. 05 D 17520. 40 
6228 41 th 16049. 73. 6p 2Da, nd 31.) OOSA Y2 5 I7585.52 bp tPas nd 30 
. ; 5683. 48 17580. OS 
992 9 Ewe ou ’ 
<p Ms ofl ate <A oe be, ¢— od te ‘4 5682. 00 5 ITO. bo Bp Asi, nd 38.1 
216 4 a C HOS2Z. O62 Op Ai, nd 28.2 ; 5674. 14 » 17618. 93 Gp Asis nd 38.2 
6213. 10 00Z 16090. 58 6p 4Din, — 8d 4B, 5637. 00 3 17735. 01 6p P nd 39 
6212. 14 SY 16093. 06 Op 2D; ‘ nd 32 dDN7T. 28 2 17860. S87 Op ‘Se, nd 102 
6191. 88 SO0Z 16145. 73 55M. 65 30eu ITS882. 05 6s 4P).—8p »Pa. 


10 





Wave- 


leneth 


5590, 20 
5SS6. 36 
5579. 05 
5549. 32 
5546. 41 
5544. 8O 
5536. 08 
5534. 98 
5900. 95 
5D4ASG. U4 
5461. 24 
5427. 94 
5427. 06 
5316. 36 
5300, 99 
eA am We 
521: (to 
SES ae pe 
5265. 69 
523 : P26 
5234. 57 
5204. 15 
5196. 77 
J194. SO 
5154. 08 


9119, 29 
20. 34 
1947. 59 
1945. 74 
1974 SO 
1916. O4 
L902. OO 
1S96, 75 
ISS2. OS 
1874, 55 
ISG2 bala) 
1862, 32 
IS50. 51 
1850. 35 
1827. 57 
ISO2. 46 
1800. 20 


1763. 31 


1701. 52 


1700. SS 
100, OO 
14490, 49 
1643. S4 
1642. 32 
1602. S6 
1478. 56 
1443. 26 


1409, 12 


10S. 95 
$407. 94 
1407. S6 
1406. 54 
1398, 99 


Tritensity 


Scr 
100¢Z 
10) 


20 


Thl 
10 
G00 
| 


25 


2027 
10 
30Z 
107 
20) 


10002 
3007 
10) 
| 


4 
2) 


” 
1007 
LO0007 
| 


‘ 
» 


» 
2007 
75Z 

200 


| 
607 
L000Z 
607 


to bo 


Hf ) M4 
35Z 
5 
50 
2502 
5 
107 
20¢ 


352 


PABLE 


Wave 


number 


17TSS3. 50 
17805. 79 
17919, 24 
18015. 24 
LSO24. 69 
18029, 92 
ISO5S8. 47 
ISOGL. OT 
18173. 64 
18220. 038 


18305. 79) 
ISA ES. OS 
18421. 
ISSO-4. 64 
ISS5O. 15 


18872. q¢ 


IS938. 69 
ISQ56. 69 
ISOS5, 59 


19085. O1 


LOO9S. 46 
19210. 10 
19237. 38 
19244. 44 


19396. 9O 
19399, 39 
19428. 48 
19528. 53 
L9S77. 58 


20206, 24 


20213. 
20320. 37 
20332. 19 
2030-4. 16 


20416. 02 
20474. 86 
20509. 00 
20557. SS 
2PO5GO, 5Y 
20610. 65 
20611. 37 
20708. 59 
20816. 86 
20826. 66 
20987. 95 
21263. 79 
21266. 6S 


21311. 92 


21313. 79 
21527. 89 


21534. 94 


21719. 56 
22322. 36 
22499. 70 
22673. 92 
22674. 78 
22679. 96 
22680. 38 


22687. 19 


22726. 13 


l 


Os 
Os 
Os 
Os 


Os 


Op 
Os 
Os 
Os 


Os 
Os 


Os 
Os 
Os 


Os 


Os 
Os 
Os 
ths 
ts 


Os 
Os 
(is 
Os 


bos 


Os 
Os 
Os 
Os 


Os 


Os 
Os 


Os 


Os 


i 


6s ¢ 


Os ” 


6 
Os 


Os 


Os 


Os 


bs - 


Os ¢ 


Os 


Os 


bos 


{Os ? 


i Os 


Os 


Weare l¢ naths 


and term 


Pesignation 


‘Por, 


ip 


ip, ; 


‘Pp : 


1p 


1S] 


ip, ; 


4p 
1p... 


1~ 
1p 


P, 
ip, 

P 
‘Po 


P 
2p 
P 
pP 
1p 


ip 
Po, 
P 

ip 

ip, 


1p, 
iP, ; 
(Pox, 


ip, . 


iP. 


Poi, 
ip 
Po 


1p, 


7p i) 
vp ‘Ps 
7p? Din, 
7p 2P3 
OTs 


~ 


Of 4 
mp 4 
7p APi. 
LOp ‘Ps 
“ft 15 


Tp ADin, 
Of 3hu, 
7p 4P3 
np Orn, 


7p AShiy 


tp ?Di, 
Tp *Diu, 


6p “Soy, 


11 


combinations of V1 


Wave- 


length 


1392. O9 
1389. 85 
1321. 84 
1318. 36 
£1317. 52 
1292. 36 
1282 75 
1273. 36 
1265: 33 
$234. 54 


$209 
120%). 
1203-72 
1202. 51 


LIS. 16 
1174. 70 
1172. 61 
$1159. 85 
F148. 41 
1134. 15 


$129, 21 
1127. 43 
$125. 
1102. 23 
1060, 48 


1065. 33 
1059, 27 
1046. 
3990. 
3978. 76 


3977. 52 
3964. 89 
3934. 91 


3933. 73 


3921. 68 
3918. 60 
3902. 02 


3900. 55 
3893. S4 


3853. S6 
3847. 63 
3846. 41 
3840. 95 


3827. 24 
3820. 91 


3796. 69 
3762. 04 
3760. 34 
3698. 10 
3694, 42 


3693. 
3690. 42 


3684. 42 
3648. 59 
3624. 72 
3607. 55 
3597. 29 
3596. 39 
3552. 78 


2061. 633 


Intensity 


107 
oe 
500d Z 
3 


aw 
PAsy| 

75dZ 
10072 


200Z 
15 
3 
200 
bd 


uw 


101 
15 
SU 

Jw 


10 


Dw 
20 
20 

2 


d5T 


Ow 

bw 

lw 

3w 
2000 


Continued 


Way 


num 


22761. 
Datta. 
23131. 
23150. 
23154. 


23290. 
23342. 
23304. 
23438. 
23608. 


23747 
JS. 
23781. 
23788 
23854 


23947. 
23959. 
24032. 
24098 
24181. 


bo bo bo bo 


~ 


SIwW Nb bo 


t 


25050. 
25126. 


25134 


25214. 2 
25406. ¢ 


25413. 


25492. 


25512. 


e 


er 


83 
14) 
S] 

15 


95) 


68 
94 
23 
27 


69 


a2 


60 
78 
62 
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OO 
OS 
DS 


SO 


Q7 


25620. 52 
25630. 17 
25674. 34 
25940, 68 
25982. 6S 
25990, 92 
26027. 87 
26121. 11 
26164. 38 
26331. 29 
26573. SO 
26585. S81 
27033. 25 
27060. 17 
27063. 98 
27089. 50 
27133. 62 
27400. 07 
27580. 5O 
OTL be 
27790. 8O 
27797. 76 
QS13S8. 96 


18489, 73 


Designation 


6s 2Py 
6s 4P a 
Os 2P ni 
6s 2P, 

6s 2Piy 
6s 2Piy 
6s 4Povy 
6s 2P yy 
6s 2P i, 
6s 4Po, 
Os 2p, y 
6s Poy 
Gs ‘Pon, 
Os ip 

os 1p 

6s 4Po 
Os 2P iv 
Os 2P hn 
6s 2P, 

Gs 2Ph, 
6s 4Po 
6s #P, 

Os 2P, 

Gs *Po, 
Os 2p 

6s 2P yp 
6s 4P 

6s ?Pyy 
6s *P or, 
Os 2Pir, 


] 
Os 1Po, 


6s 4P * 


Os Por 


Os 4 Ps ‘ 


Os Po, 


6s 4Po 


Os IPs, : 


6s $P or 


5p° < Pi, 


Sp 2 Ping 


5f Zorg 
5f 35. 
6p’ 2Pi. 
df Di 


np dire 
np 25rz 
np +, 
Sp +P Si. 
Sp Ihr 


Sp? 


Sp ‘Phi, 
p Si 
9p 2? D514 
Of 41, 
Of Bf, 
df 4815 
np dfr¢ 
7p Shug 


np 4a 


Yp 1PSi, 


np 63 


Yp 2 Din, 
7p “Dix, 
Gf 23. 
Of 4h, 


np d3s 


1Op 1PSu 
7p ‘Dix, 


ip 1Dsi, 
np Odg 

ip 2Din; 
7p 2P ix 


6s 2P is 





TABLE 2. Infrared lines of 11 


Computed Wave Computed Wave 
wave Intensity number Designation wave Intensity number 
length 


— 
~ 


‘slgnat 1ONn 
length 


23070. 01 95 1333. 45 5d 4D 33:-—5f 351, 15074. 52 125 6631. 90 nd 1141,—6f 45, 
23001. 54 100 1346. 35 7p Shis—nd 24. 15052. 50 25 6641. 60 nd 21-—7p 2D3: 
22308. 77 150 1481. 32 6p 4D ug —nd Doug 15032. 73 310 6650. 34 6p 2Ds s—i8 2Pig 
22226. 19 250 1497, 97 Op 4 Pix nd 5. Ly, ( Fs 1Poy Sp 4Si 
22182. 49 375 4506. 83 6p ?Ds—nd 5, 14460. 38 Zip 6913. 56 Gp ?Pix,—7s *Pox 
| 6p D4, 78 *Piy 
21569. 51 110 1634. 91 6p ?Pii—nd 19), 14287. 74 100 6997. 10 6p *PSu.—7s 4P 
20153. 00 30 1960. 69 6s 4Pos—bp 'Péx 
19910, 52 15 5021. 10 nd 13.—5f 331, 14272. 18 220 7004. 73 nd 5.1\y1-—4f 531 
19835. 64 15 | 5040. 05 nd 5nx—Tp 2Dir 14176. 65 50 | 7051.93 | nd 5.1,—4f 6%, 
19824. 93 I 5042. 78 nd Sxag—T p *Diuz 13970, 89 35 7156. 15 nd 5ow—4f Vin, 
1. a 13958. 54 275 | 716212 |{ m4 Sas—4f 2 
19426. 10 15 5146. 31 6s “Diy 6p ? Pir. 7 is ag nd 5o,—Af 2.1 
19370. 06 260, 5161.20 { @P *Pin—nd 27) 13869. 12 “9 #208. 30 nd Ss—4f 55 
L 6p 4Siu—nd Box 
19105. 35 300 5232. 71 Op {Pi —i7s 2Piy 13774. 59 65 (257. 76 Op 4P% nd Or, 
Sa i = , jd 4B, Yp 4D 13685. 85 200 7304. 82 Op IS} 4s 2P 
19072. 11 220 5241. 83 l 6s ip, ‘ Gp ‘Ps ‘ 8 13387. 8 25 7467. 4 f ie 
19060. 64 10 o244, 98 6p 4P3i.—nd 5, 13148. 85 300 76038. 15 5p* 2Ps 5p® *Pbz 
13119, 27 1190 { 7620. 29 6p *Pé;—nd 71, 
1S982. 85 35 5266. 48 nd 5.1Ny1;—Tp *Pi, 13116. 08 7624, 26 7p *Di,—-10d 4B, 
1S634, 52 10 5364, 92 6p *Shi,—nd 5.1, ‘ 
18348. 37 240 D448, 59 6p APs nd 5Ajr, 12846. 14 125 J (fos. a2 6p 4Piu,—nd 8, 
18276, 25 110 5470. 09 nd 5n,—Tp *Pix; 12843. 83 we hh ek 7A 6p ?Pius—Ts 2P oy 
16213. 94 110 0165. 85 6s 4P, 6p *P ix, 12265. 16 a0 S150. 95 6p *Dsu—7d Px, 
12135. S1 a0) $237. 82 nd 5.11, —np 2; , 
16192. 66 30 6173. 96 6s’ ?Dy.-—6p 4D: 
16038. 15 100 6233. 44 6p 4D3..—7s 4P 
15972. 67 115 6258. 95 bp 2D: 7s 4P 
15583. 89 250 6415.13 6p *Piu—nd 71, 
nd 4, (ip 4sj 
15528. 30 280 = 6438. 10 6p 4Pin,——7s 2P 
Gp 4D; 7s 4P 
Observed waveleng 
TABI E 3. Wavele noths of | I in the ultraviolet 
Wavelength Intensity Wave Designation Wavelength Intensity Wave Designation 
Avac nugnber AVae number 
IS76. 415 2000 53293. 12 | 2P; 6s 4Po: 1457. 470 . 68612. 02 | 2P; nd 4 
1844. 451 15000 54216. 66 2Ps..— bs 4P ys, 1457. 389 vind 68615. 84 | 2Pi.—nd 4.1 
1S30. 380 75000 54633. 46 | 2P; 6s IP, 1453. 179 SOOO OSS14. 63 2Piu-—nd 19.1 
1799. O91 5000 55583. 61 2P3u.—6s 2Pox 1446. 260 5000 69143. 83 | 2P2 nd 205 
1782. 758 12000 56092. 88 P°,,—-6s 2P 1429, 539 SOU 69952. 62 | 2P%,—8s 2P, 
1702. 068 15000 58752. 06 Piu,—6s’ 2D, 1425. 490 SOOO 70151. 32 P nd 5 
1675. 174 1500 59695. 30 Py nd | 1421. 364 2000 70354. 93 | 2P5 nd 5.4; 
1642. 137 2000 | 60896. 27 | 2Ps:.—6s 4Pn 1412. 180 200 TOS12. 51 Pe 7s 4p, 
1640. 780 2500 60946. 62 | 2P% nd 2): 1402, 793 13 71286. 35 | 2Pa.—nd 21.2 
1639, 106 200! 61008. 87 | 2 Pin.-—nd 4 1402. 758 . 71288. OL | ?P§,—7s 4P, 
1617. 604 5000 61819. 81 2p 6s 4P 1400. O14 2000 71427. 84 Pe nd 22, 
1593. 580 5000 62751. 78 | 2P; nd 5.1 1395. O49 30 71682. 11 2P3 78 2Pus 
1582. 610 1500 63186. 76 ty 6s 2Pyg 1392. SOS 2000 71792 77 P:.-—nd 24 
1545. 794 SO 64691. 6S Pe 7s 2P 1390, 750 3000 71903. 44 Pe, — 7x5 ‘'P. 
1526. 448 2500 65511. 57 2p nd 6 1383. 225 1000 72294. 83 2p 73 2P 
1518. 047 15000 65874. 10 2P; nd V1.5 1382. 284 1200 72344. 05 P§ Ys 2P 
1514. 678 5000 66020. 64 Ps 6s’ 2D 1368. 217 2500 73087. 83 pP nd 26 
1514. 323 2000 66036, 13 2P2,—-nd 8, 1367. 714 2500 vol l4. 72 -Pix,—nd 6 
1507. 041 5000 66355, 2] 2P:,—_-§8' 2D 1366. 506 SOO 73179. 34 2P nd 27 
1492, 888 5000 66984. 25 | ?Pix.—nd 11 1361. 111 3000 73469, 39 | 2P; nd 28,2 
1485. 918 1000 67298. 45 2p nd | 1360. 965 5000 73477. 25 Pj nd 7 
1465, 828 2500 68220. 83 | 2Pin-—nd 16 1357. 971 3000 73639. 28 | 2P2..—nd 811. 
1459. 145 1000 68533. 28 2Piuz—nd 19, ‘ 1355. 542 2000 fovii. 21 2P5 nd 29; 
1458. 794 2500 68549. 77 | 2?Piu—nd 2 1355. 099 5000 73795. 35 Pi, nd 9, 
1457. 981 10000 68588. 00 | ?Pii,—nd 3x. 1350. 206 600 74062. 75 | 2P§u- nd 30, 
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“ABLE 3. Wavelengths of 11 in the ultraviolet—Continued 


Wavelength — Intensity Wave Designation Wavelength Intensity Wave Designation 
Avae number Avae number 
1349. 691 10 74091. 05 | ?Pix,—nd 31.111, 1236. 362 400 80882. 46 | 2Pin—nd 28. 1a 
1348. 903 SOO 74134. 29 | ?P§u—nd 32), t 1233. 517 50 81069. 0 | 
1348. 768 10 TAIAL, 74 | ?Péig—nd 32. lo. 1233. 463 300 81072. 54 | ?Piu—nd 28.21, 
1343. 626 1000 74425. 46 | ?Pou—nd 32.2u, @ 1232. 914 10) = =81108.7 | 
1342. 449 60 74490. 73 | 2P§,—nd 33, 1230. 732 100 81252. 48 | 2Pji.—10s 4Poy, 
1341. 264 100 74556. 55 | ?Piu—nd 34, 1228. 888 500 81374. 36 | 2?Piu—nd 29), 
1340. 709 1500 74587. 40 | ?2Piu—nd 11, + 1228. O41 100 81430. 5 
1339. 903 SOO 74632. 28 | ?Piig—nd 35ou 1224. 856 100 81642. 25 | ?Piu—nd 3liy 
2 1338. 210 20 74726. 7 1224. 501 300 | 81665. 90 | 2?Piiz—nd 30o14 
ore uses: vo (leben 135 1224. O77 |) wan |f 81694. 20 | 2Pii—nd 31.11 
1336. 478 1000 74823. 52 | 2P x, nd 36: lnx 1224 049 f 600 | 81696. 06 | 2Po, —8d IP, 
1335, 238 200 74893. 04 | 2Piig—nd 38, 1223. 430 100 81737. 44 | *Piu—nd 32h 
1333. 232 5 75005. 69 | ?P§1.-—nd 38.2) 2 1219. 327 10 82012. 4 
1330. 714 30 751A. 6 1219. O87 70 82028. 61 | 2?Pin—nd 32.21, 
1330, 189 2000 75177. 26 | 2Piu—nd 14, @ 1218. 909 70 82040. 6 
1325. 463 10 75445. 32 | 2Pix.—6s’’ 2So 
21218. 711 100 | 82053. 9 
1318. S44 30 75823. 98 | 2Pi—nd 16, 1218. 411 200 82074. 10 | ?Piiz—11s *Po 
1317, 542 3000 75898. 91 | 2Piu—nd 17a 1218. 118 40 82093. 88 | 2Piiz—nd 338014 
1313. 947 3000 76106. 57 | 2Phig—nd 18.1, 1217. 142 150 82159. 70 | 2Piu—nd 34o% 
1313. 432 1500 76136. 43 | 2Pi—nd 19)y ¢ 1216. 021 ? 82235. 43 | 2Pis—nd 35, 
1302, 983 3000 76746. 98 | 2P3.—nd 20. 
2 1214. 631 50 82329. 5 
1300. 335 LOO00 76903. 28 | ?Piu—nd 21g 1213. 627 10 82397. 62 | 2Pix—nd 36215 
1299, O12 50 TOUSL. 6 1213. 199 60 82426. 68 | ?Pin—nd 36. loys 
1291. 143 300 77450. 76 | ?Pi 8s 1P, 1212. 242 60 82491. 80 | 2Piu—nd 372% 
1289. 395 3000 77995. 77 Pii—8s ?Pp 1212. 177 60 82496. 19 | 2Pin—nd 388o4 
1275. 255 1500 7S415. 66 2P ix 7s #Po | 
1210. 880 10 82584. 58 | 2Pin—nd 38.1o, 
1267. 596 G00 TSSSO. 5O -Piug—nd 21.25 1210. 524 601 82608. 84 | 2Pix—nd 38.21, 
1267. 569 | 78891. 16 | 2P%.—7s *Piy, 1210. 050 60 82641. 21 | 2Piun—nd 3921 
1266. 731 150 78943. 37 | ?Pin—6d 4Poy 2 1208. 466 50 82749. 5 
1265. 826 1() 79030. 99 | ?Pin—nd 22). @ 1207. 964 20 $2783. 9 
1261. 269 SOO 79285. 26 | ?Piu—7s 2Pov, 
1206. 988 10 82850. 87 | ?Pi:u.—nd 4001, 
1259. 510 3000 79395, 92 Phi nd 2Ay. @ 1205. 430 25 82957. 9 : 
1259. 153 2500 79418. 49 | 2P§iu—nd 25ex% 1204. 116 10 83048. 47 | ?Pixg—bs’” Soy 
1251. 335 600 TO914. 6S Pii.—9s Po: 2 1201. 348 30 83239. 8 
1250. 826 100 79947, 20 | 2Phi,—9s 2Pu 2 1200, 946 30 83267. 7 
1249. 969 15 80001. 95 | 2P5 nd 25.1 
2 1200. 711 25 $3284. 0 
1239. 468 70 80680. 12 | 2Piy.—7d 4P 2, 71196. 786 10 83557. 1 
1239. 296 70 80690. 98 | 2Piiz—nd 26n * 1195. 288 15 S3661L.8 
1239, 249 70 80694. 00 | 2 Phi, —-nd 26. 1p. 
1237. 892 300 80782. 49 | 2P%..—nd 27, 
1237. 231 200 80825. 65 ?Pju—nd 27.1 
Wavelengths measured by C, H, Corliss and W, C. Martir 
Also Lat 
Masked by [irand Lye 
TaBLe 4+. Zeeman effect ef 11 
Wave- Magnetie patterns Wave- Magnetie patterns 
length length 
11236. 56 O.117, 0.356) 1.240, 1.479, 1.721 10325. 90 | (0.194) 1.163, 1.441, 1.805 
11020. 60 0.125, 0.570, 0.645) 0.629, O.S44, 1.044 10238. 82 | (0.086) 1.298, 1.494 
P1017; 14 | (0.524) ... 10172. 91 (O.000w) 0.907 
10685, 82 0.754) ... 10158. 64 | (0.213) 1.348w 
1LO466. 54 (0.079, 0.240) 0.976, 1.147, 1.299, 1.488 10141. 83 | (0.370) 0.482, 1.152 
10435. 34 | (0.257) ... 10131. 16 | (0.275) 1.095, 1.612 
10416. 61 0.428, 1.280) 0.569, 1.187, 1.985 10003. 05 | (0.118) 1.500, 1.747 
10391. 74 0.249) 1.042, 1.563 9963. 30 | (0.000w) 1.0530 A 
10375. 20 | (0.000w) 0.943w A 9842.75 | (0.141, 0.449) 1.184, 1.472, 1.785 
10375. 20 | (0.059, 0.252, 0.419, 0.603, 0.775) 1.034, 1.211, 9813. 53 | (0.179, 0.553) 0.702, 1.077, 1.445 


1.383, 1.586, 1.753, 1.897 
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Wave- 
length 


9800. 
9749. 
9744. 


9731. 


Q725. y 


9653. 
4644, 
Q5O8. * 
9466. 
9427. 


9426, 


9335. 
9321. 9 


9227 


TSO, 2 


9156. 
128. 
9113. 
QOS, 
GOST. 


VOTO, : 


YOSDS. 33 


9022 


SOUS. 
SUB, 


SOO. 


SO25. 


SSUS. 


S700. 
SHO-A. 4 


SO36. 
8545. 52 
S4N6. 

8393. : 


S34] 


S260. 
8251. 


$240 
S999 


Lam, 


S160, : 


S105. 
SO90, 7 
S065. 7 
8043. 
8039, 


S023 
SOOS. 


1974. 


7969 


7955. 


Su 
20 


Q] 
O38 
9] 
S6 
16 


O4 


69 
Q7 
50 
50 


SO 


Ol 


63 
1s 
1S 

a0 


TABLI } Zeeman effec 
Magnetic patterns 
(0.170) 0.952 
(0.000) 1.178 
(O.141) . 
(0.150) 1.502 
(0.245) 0.798, 1.290 
(0.000) 1.525 
0.000) 0.982 uA 
0.000) 1.053 
(0.282) 1.818 
(0.096, 0.274, 0.451) 0.879, 1.050, 1.223, 1.405 
0.654) 1.SS6 
0.118, 0.348) 1.005, 1.250. 1.500, 1,758 
0.395) 1.216, 1.991 
0.114, 0.300) 1.294, 1.505, 1.705 
(0.157) 1.114 
(0.055, 0.585) 1.531. 1.968 
0.514, 1.401) 0.647, 1.615 
(0.000) L385 
(0.170, 0.504) 1.118, 1.460, 1.790 
0.476) 0.650, 1.009, 1.317 
0.174. 0.478. 0.868) 0.682. 1.036. 1.372. 1.738 
2.47 
0.090, 0.268, 0.455) 0.934, 1.107, 1.294. 1.505 
L.60S 
0.622) 0.9717, 1.939 
0.196, 0.552) 0.628, 1.035. 1.419 
0.289, 0.853) 1.511 
0.000) 1.098 
(0.444, 0.9743) 0.821, 1.102, 1. 342, 1.676. 1.971 
0.157, 0.452) 1.185, 1.492, 1.793 
P—B 
0.427) 0.840 
1.362) 1.083, 1.289, 1.458 
0.266) 1.338 
(0.269) 0.910, 1.091 
0.062) 1.198 
(0.098) 1.477 
(O.098) 1.268 A 
(0.072, 0.224, 0.375) 1.038 
(0.640) 0.659, 1.951 
0.067, 0.184) 1.049, 1.145, 1.505 
0.218 1.284 
(0.389) 1.183 
(O.0W : 0435 A 
(0.622 721, 1.950 
0. 17,033 25) 0.762 
(0.000) 1.396 
(0.111, 0.382) 0.809, 1.029, 1.264 


(0.000) 1.343 
(0.082, 0.242) 


0.339 


1.855 B 


0.000) 1.524 


(0.714) 1.868 

0.128). 0.616. 0.920 
0.106) 1.536 

0.234 
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fofly 


Continued 


Wiave- 


length 


7 OA. 
7700. 
7671. 
7THO4, 
TORS. 


soo. 


Toot 


ine 


7490. 


7460S 


al 


aj ej ej ej <j 
pee be bbe tee phe 


TOSS 


7063. 5 e 


6H7S9 
oy A? LY | 


6752. 


HOHUS. 


H697 
HH62 


H661. 
HOLY. 


O55. 
6583. 
6570. ¢ 
H566. 
6564. 


6560. 


5648S 


6455. 
6434. 
6433. 


6415 


6411. 
6371. 
6367. 
6359. 


SD 
20 
Ol 
SS 
60 


O05 
IS 
S1 
52 
QQ 
3 | 
1S 
60 
20 
D0 


Ob 
OS 


OS 
Ob 


S4 
id 
S2 
30 


-s 


Ob 
an 
0:3 
Ob 
O5 


! 05 


mo 


tt) 


29 


1C 


66 


149) 
SO 


82 
10 
00 
$4) 
28 
70 
22 
OS 
28 
16 


7. 00 


0.000) 0.929 
0.074, 0.265 
0:330) 1.2 

2 


Magnetic patterns 


0.068, 0 1.376 

0.180) 1.05: 

0.037) 1.598 

0.182) 1.313, 1.418 

0.000) 1.480 

0.000) 1.244 

0.045, 0.143, 0.257) 1.006, 1.0SS, L.1N7 
0.344) .. «.. 

0.523) 0.606, 0.989, 1.346 
C0001) CLO383 i 

6.000) 1.186 

0.000) 1.120 

O.000H) 0.993 A 


0.000) 1.379 
0.430) 1 167 
0.000) 1.393 
0.072) 1.196 


0.128, 0.3561, 


0.599) 0.590 


0.060, 0.198, 0.341. 0.454) 0.807, 0-958. 1.050 
0.362) 1.159 

0.606 

0.390) 0.932. 1.758 

0.000) 1.589 

0.130, 0.418) 0.967, 1.251 


1.402 


0.075, O.246, 


).247, 0.386 
206, 0.616 
0.000) 1.171 
).501) 1.092 
0.553) 0.920 


0.000 H 


0.417) 0.947, 1.106, 1.277 
1.293, 1.435 
0.965, 1.437, 1.838 


O.959 w 


0.000) 1.492 A 

0.112, 0.368, 0.643) 

0.243 w) 1.325 w 

0.092) 1.530 

0.000 W’) 1.553 A 

0.275) 0.670, 0.898 

0.000 W) 1.028 A 

0.165) 1L.CS6 

(0.086, 0.275) 0.824, 0.983, 1.135 
0.285) 

0.143 w) 1.204 

0.078 310, 1.450 

P—B 

0.000 w, 0.303) 1.154 A 

0.339) 1.140 

0.142, 0.354) 1.007, 1.246, 1.500 
0.217, 0.707) 0.604, 1.090, 1.585 
0.000) 1.375 

0.000 w, 0.186, 0.377) 0.930, 
0.217, 0.367) 1.5 a 

0.228) 1.575 

0.195, 0.3871) 1.257 

0.000 w 1.540 


TABLE 4. Zeeman effect of 11-—-Continued 


Wave- Magnetie patterns Wave- Magnetie patterns 
length leneth 

H293. 98 0.000) 1.350 5204. 15 | (0.074) 1.298, 1.434 

6244. 48 O.000 Wy). . 5145. 52 (O.000w) O.SS85A4 

6233. 50 pe) re 5119. 29 | (0.116) 1.415 

6213.10 | (0.000 W) 1.097 A 1916. 94 (0.217) 1.538 

GOLOL. SS (0.000 W) 1.050 1902. OO (O0.000w) 1.1294 


1862. 96 (0.216, 0.549, 0.913) 0.712, 1.078, 1.421, 1.749, 


6115. 97 0.000 w, ©.205) 1.529 B 
2.096 


6082. 43 0.000) 1.388 


6073. 46 1862. 32 (0.000) 1.073 
6055. 96 |) P-B 1850. 51 itp p 
HO55. O38 $850. 35 
1827. 57 | (0.495) 0.990 
6053. 49 | (0.000) 0.888 a 
: : a = 763. 3 (0.000) 1.630 
6024.08 (0.172, 0.406) 1.213, 1.489, 1.759 ae 4 a poe 
5981. 26 | (0.124) 1.345 (UU. « (U.U JOSA 
Alois 2 ae aren ene 690. 49 | (0.518) 0.841, 1.433, . 
5960.10. (0.358, 1.036) 0.000d, 0.643, 1.273 pee A Bags S41, 1.453 
5894. 08 0.000) 1.346 1409. 12 - 0 626 
5882. 24 | (0.000w) 1.699 1408. OL (0.238, 0.699, 1.228) 0.000, 0.328, 0.877, 1.361, 
9780. 65 0.122) 1.261, 1.505 1O14 
5764. 33 (OMB, 0.349) 1.243, 1.473, 1.749, 2.004 1406.54 (. . .) 1.368 
3443, 90 | (0.408) . ar 1399. OL (0.000) 0.956 
5586. 36 0.365) 1.280, 1.483, 1.707 1392. 09 | (0.000w) O.715A 
$321. S4 0.000) 1.368 


5500. 95 0.121, 0.416) 1.443, 1.795, 2.070 


D297. 17 0.000) 1.595 1234. 54 (0.000d) 1.243, 1.595 
Swi. te 0.289) 1.272, 1.447, 1.657 £209; 82) (.. 1.198 
92608, 69 | (0.000) 0.901 1203. 72. (0.000) 1.786 
ILO4 OF 0.000) 1.0384 1148. 41 (0.000) 1.515 
£134. 15 (0.000) 1.442 
1129: 21 (0.000) 1.122 
2061.63 (0.335) 1.005, 1.669 


TARLE 5 Predicted terms of 11 
leetron Terms 
configuration 
Ds? Op P 
ds op >) 
ns? Spt (La r 1) IS 
Ds? Opt ns P +p -p—D 2s 
ds? Spt np S°, 2R’. 2D. 48>; 3R°, 4D po, De, 2k 2p 
ds? Opt nd 2P, 2D, 2F, *P, 4D, ‘F S, ?P, 2D, 2F, ?G 2D 
Ds? Opt nf I? 2Y. 2G °..4". «FM. 4G 2p : 2p°, 2F G°, 2H 2F 
TABLE 6. Odd lerms of | I 
Mlectron Term Ob- Kleetron Term Ob- 
configuration <vinbol Level Av served configuration symbol Level Av served 
q g 
5p® 2Pi, 0. 00 6p 2 Ds, 65644. 49 1. 217 
Dp 7608. 15 os? 5pi(3P) 6p 7162. 72 
>P in. 76038. 15 0.673 Dixy 72807. 21 1. 316 
f 6p 4PS, 64906. 34 1. 524 6p *Di, 65670. 00 1. 420 
| 2155. 78 | 6859. 17 
Spi3rPyop 4 Pin, 67062. 12 1. 415 | ‘Din, 72529. 17 1. 370 
1205. 16 5s? 5pt(3P) 6p ( 552. 43 
Pay 65856. 96 1. 556 | Di, 71976. 74 1. 317 
1410. 44 
5ptsPy6p tip Siu, 64990. O1 1. 619 \ ‘Do 73387. 18 1. 137 





TABLE 6. Odd terms of | I Continued 


Electron Term ()b- Kleetron Term 
configuration symbol Leve Av served configuration svmbol Level Ap 
q 
6p *Pir. 71501. 52 1, 239 Sp $P5, 78732. 31 
5s? 5p*(3P)6p 1553. O04 192 47 
Ps ; 73054. 56 1. 329 os? Spt P Sp ¢ ips ‘ 79224. 78 
21. 67 
5s? 5piCP)6p 6p 2Shu 71813. 97 Reva 1P5 79203. 11 
5s? 5p \np np liu 72875. 75 ds? 5ptGP)Sp Sp Sfx, 7SS15. 61 
( Tp 4PSr., 74965. 77 1472 5s? 5p!GP)8p Sp ?D S854. 86 
655. 64 
5s? 5pi(3P) Tp *Piu 79621. 41 1. 483 5s? 5p4(3P Sp Sp 4D 79003. 70 
) 318. 28 
\ ‘Pix 79303. 13 Lode os? 5p*GP)8p Sp ?P ir. 79701. 73 
5s? 5pi(4P)Tp 7p AShuy 79049. 57 1. 506 Df Vig 79835. 03 
df 25 7OSAO, 23 
7p ? Ds 79191, 37 eed | of 351, TOS44. 5S 
ys? Hp IP \Tp 1232. 81 DS? ppt Ip of 5f 4 7TUS47. SS 
Da, 82424. 18 1,27 | sf 4.1 79853. 40 
| 5f 4.2%, 79865, 20 
7p *Diu, 75194. 10 1, 42 \ Of dj TYSS1. 74 
6839. 70 
laa a ‘Ds 82033. SO =e np 3 80039. 04 
5s? Spt(8P)7p ; 210. 82 ss? Opt np np 431; 80125. 57 
1); 81722. 98 1. 39 | 
Din, beg ( 9p *Psy SO624. 45 
: cen Yp is 80720. 85 
-. 9— "o> os- op? P yp ‘ T) =O7 OF 
Tp ?P% TSTSO. O4 1. 48 ip 2? Dix SOT9T. 95 
5s? 5ptGP)7p — 3651. 16 |) 9p 4D3 SO945. 44 
2Pig 82431. 20 
( 6f1 81205. 39 
5s? 5p*(3P)7p 7p *Sirg 81506. 80 | Gf Qu $1207, 32 
If Of, 77297. 15 aaa ol 10) AR 81216, 75 
1f 0.13; | 77303. 58 5s? SpPCP)Of =) gf 4 $1219. 30 
| 4f is. | 77307. 47 | Gf 5a, $1226, 02 
| 4f 23. 77313, 12 LOGS 65 81227. 38 
| 4f2.1%% | 77313. 76 
js? Spt 3P)Ay tf 331. 77320. 66 as? op np NDP D315 81693. 55 
| 4 4%, 77356. 76 
if 5 77359. 62 ie et lOp *P%, 81697, 54 
> 41 -= QS OP P)10p WY- 
tf Dd. 1 fry 77404. 49 ! 1lO0p 4D $2035. OO 
If 6; 77406. S6 
dad as aA Tf $2026, 20 
5s? 5ptUD)6p 6p! 2Pix 78415. 36 ~~ ov tf 23x. $2030. 35 
as? opt np np 1.1, 78535. 48 ee ee np 0. 82214. O4 
es op “pp np ri 82615 S4 
5s? 5ps np np Qi. 78992. 75 1, OO 
TABLE 7 Even terms of 11 
Eleetron Term Ob- Kleetror Term 
configuration svmbol Leve Ai served configuration symbol Level Ay 
q 
, 66s ip ps 54633 It) ] dT DS aps INDO Os’ » S3048 7 
| ‘ LS6 x5 
5s? SpsP)6s 4 *Pirs GIS19. SI 1. G18 
923. 54 7s 4P 71903. 44 
‘Pp 60896, 27 2. 561 6987, 72 
5s? 5ps3P)7s Pry TSSYL. 16 
6s 2P 56092. SS 1. 385 175, 50 
9s? Sps(3P)6 7093. SS ip TS4ALS. 66 
Por 63186. 76 0. 799 
6s’ Dov 66020. 64 1, 258 78 *P 72294. 83 
5s? 5p*('D )6s 334. 57 5s? 5p'(3P)7s 6990, 43 
D 66355. 21 0. S28 fg 79285. 26 
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bo 


5 S* 


os* 


Os: 


Kleetron 
configuration 


op 


ops 


ops 


5pi(s 


5p 


aps 


op 


5p 


Term 


TABLE 7. 


symbol Level Ap 
pgs \f 884Pag | T7450. 76 
2Pix lioone (4 
P) 9s 9s Po, 79914. 68 
- 2P is 79947. 20 
f 10s 4P x $1252. 48 
Ip 10s 2p) - ? 
\ 114 
: s Po 82074. 10 
P) 11s Mie SPs 
Ihe 
( 5d 4*D315 (ool 1S 
i > ae 
'P) dd 0 Oe T5704. 09 
| F's: 76004. 78 
6d §Dax. T8904. 05 
P) 6d ‘Po 78943. 37 
Fy 79055. O1 
7d ‘D351, 80676. 17 
P)7d Poy 80680. 12 
Fux 80772. 35 
8d *D as, 81689. 02 
P)S8d ‘Por, §1696. 06 
By, 81760. 58 
9d 4D $2289. 46 
P) 9d ‘Por, ies 
Fay, 82374. 21 
10d 4D a1, 
P) 10d ‘Pov ae 
41, 82818. 36 
ond A416 67298. 45 
nd ir 68549. 77 
nd 321, GSH5S8S8. OO 
- nd 441. 68612. 02 
| nd 4.11 GS615. $4 
\ nd do 70151. 32 
nd 5.1 70354. 93 
nd 6; 73114. 72 
: nd Tx 73477. 25 
e nd Si. 73639, 28 
nd Vorg 73795. 35 
\ nd 10514 73977. 68 1. 21 
, 
ns iP 
Current Rydberg de- Current 
term nominator term 
1 
65 29707 | 1. 92197 19434 
7 12437 | 2. 97043 | 9374 
s 6889 | 3. Y9L16 | D608 
9 1425 | 1. 97989 | 3716 
10 3088 | 5. 96126 26438 
1] 2266 ! 6. 95900 
a 1.00389 a 
re} 2.52065 g 


ABLE 8. 


Even terms of I1—C 


ontinued 


Ob- Kleetron 
served configuration 
J 

5s? 5pt( nd 

1, 53 
5s? Spt )nd 
5s? 5pt( )nd 

1 45 


Series of It 


np 1PSiz 


~ 


| Rydberg de- 
nominator 


2. 37627 
3. 42148 
1. 42357 
5. 43424 
6. 44359 


3.91112 
3.98279 
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nd 
nd 


nd 


2911 
30.4 
311. 
31. Ling 
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d+. 
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nd 
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36. low 
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sl 
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99 | 
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98 | 


00 
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65 | 
O5 | 


46 
54 


36 
90 
25 
20 
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89 
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70 
43 


62 
68 


80 | 
19 | 


84 
21 
87 


‘urr 


ter 


8B 


58 | 


1. 04 
| 
1 2a 
1. 42 
1 Be 
1. 46 
| 
nf Xs 
ent Rvdbe 
m 
7019 | 3 
4492 | 4 
3133 | ) 
2310 6. 


| 
| 
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— (0.11660 
+- 1.16647 
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CH lines in the solar spectrum have been identified by direct comparison of measured 


laboratory and solar wavelengths and intensities. 
included in a series of tables arranged according to electronic and vibrational 


lines are 
transitions. 


A detailed investigation of the presence of CH 
lines in the solar spectrum has been carried out 
recently as part of the preparation of a current 
edition of solar spectrum data to replace the 1928 
compendium [1]. Along with the study of atomic 
lines, a parallel survey of molecules in the sun is 
required for any complete revision of the ‘‘Solar 
Spectrum.” A preliminary résumé of the number of 
CH, OH, and CN lines in the solar spectrum was 
recently published [2]. 

Many lines of CH are familiar features in the solar 
spectrum. In his original table, Rowland [3] at- 
tributed some of these lines to “C,’’ and numerous 
CH lines were included in the 1928 edition [1]. 
Several authors have carried the work further. For 
example, Hunaerts [4] and Richardson [5] have each 
published a list of solar lines which may be ascribed 
to CH. 

The present results are based on a study of the 
rotational structure of individual bands, together 
with relative laboratory intensities measured along 
the different branches. It reveals more CH lines in 
the sun than have been recognized heretofore. <A 
summary of the counts is included in table 1. In 
this table the counts are handled differently than 
they were previously, in that the counts refer to 
individual laboratory lines; whereas in 
paper [2] they referred to solar lines. Consequently, 
if two CH lines contribute to one solar line, each CH 
line is counted here as a blend. Exception has been 
made in the case of table 10, where the laboratory 


lines are so closely blended that for some groups they 
The total number 


are not counted as separate lines. 
of laboratory lines given for this band is 119+ to 
denote that the count is somewhat arbitrary. 
only the leading lines of a band are present in the 
sun, the counts refer only to the stronger lines of 
the band, as for example in table 5, where only 31 
lines out of 198 enter into the count. 

The individual rotational bands are described in 
tables 2 to 11. Data on the laboratory analyses are 
given on the left hand side of each table, and the 
solar data are entered on the right. In table 6 only 
laboratory data are given, since this band is not 
observed in the sun, 

Under the general heading, ‘Laboratory,’ the 
respective rotational quantum numbers of the P, 
V, and R branches are entered as indicated by the 
respective headings. Lines of weak satellite branches 
are indicated by the svmbol {, and a summary of 


Figures in brackets indicate the literature references at the end of this paper. 


‘ 


the earlier 


If 
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The comparisons of individual rotational 


the satellite lines is included in footnotes to the 
tables. 

These entries are followed by an intensity column. 
Intensities have been determined from measure- 
ments of the emission from the reaction zone of an 
acetvlene-oxygen flame. A question mark (?) after 
the intensity number indicates a questionable in- 
tensitv measurement caused by some overlapping 
from a strong neighboring line. (CH) indicates a 
weak line masked by a stronger CH line, whereas 
“NMI”? indicates masking by some other emission in 
the laboratory source. In table 11 (OH) is entered 
as masking CH in some cases. Blank spaces in the 
intensity column result from lines too weak to be 
observed under the conditions used to obtain 
intensities. 

Wavelengths have been derived from published 
wave numbers by means of Kayser’s Table [9]. In 
tables 2, 3, and 4 the laboratory analysis is from 
Ger6 [6]; in tables 5 and 6 it is from N. H. Kiess and 
Broida [7]; in tables 7, 8, 9 from Ger6é [6]; and in 
tables 10 and 11 from Heimer [8]. Fagerhélm’s 
measurements [10] of the A2A—X2II and B22-—X2II 
bands do not fit the solar data so well as those of 
Ger6é and have been used only as a check for errors. 
An asterisk in the wave number column is used to 
indicate a blend of two or more CH lines. 

Under the general heading, ‘‘Sun,” the solar wave- 
lengths are from the new solar ledger now in course 
of preparation. These wavelengths differ slightly 
from those published in 1928, because a running 
correction has since been made to reduce them to 
the 1928 International Solar Standards [11]. In 
addition, some new measurements have been aver- 
aged in for a number of lines. This work is in 
progress for the region short of 4000 A. Conse- 
quently, some solar wavelengths quoted in the 
present paper may differ slightly from those in the 
final solar ledger. The changes are so slight that 
they will not likely affect the CH identifications. 

The second solar column contains the reduced 
equivalent widths of the solar lines furnished by 
Minnaert and his colleagues at the Utrecht Observ- 
atory. The equivalent widths have been measured 
in milliangstroms (mA) from the Utrecht Solar 
Atlas [12]. The tabular entries have been reduced 
from the measured values by dividing by \, and by 
allowing for the effect of blending when there is more 
than one contributor effective in producing the solar 
line. Details of the method are described by 
Minnaert in his 1951 paper [13]. These measured 








intensities replace the Rowland eye estimates for all 
solar lines except those in tables 10 and 11. In this 
spectral region the measured intensities have not vet 
been completed, and in their place the Rowland 
estimates are entered in brackets, —3 being substi- 
tuted for Rowland’s 0000, —2 for 000, ete., as was 
done in 1928 [1]. 

In the solar column headed, “Spot,” the intensity 
behavior of the solar atomic lines in the spot spec- 
trum is described as follows: 


d double S greatly 

N_ diffuse strengthened 
NN very diffuse u unchanged 

o obliterated w weakened 


W 


These letters have been substituted for the estimated 
spot intensities published in more detail in 1933 [14]. 
Although the spot behavior was studied especially 
for atomic lines, in many cases it was noted in the 
1933 paper when a line was a blend of an atomic and 
a molecular line in the spot spectrum as judged by 
the observed Zeeman effect, and the molecular con- 
tributor has turned out to be CH. An asterisk in 
this column indicates that the spot behavior refers 
to two adjacent solar lines: 1.e., two disk lines are 
blended in the spot spectrum. 

Following the spot column there is one headed 
‘“©-lab.”” This is the difference, expressed in A, 
between the solar and laboratory wavelengths, 
another criterion used in making the identification 
of the solar line. Residuals greater than +0.030 A 
are tolerated only if the solar line is very faint or 
blended, and in either case the CH identification is 
subject to question. 

The next column gives the final adopted solar 
identification. Here the symbol |, preceding or 
following the chemical symbol, indicates that the 
line so marked is a stronger contributor to the solar 


s strengthened greatly weakened 


TABLE 1. 
Laboratory 
Table - i 
No 
Electronic Vibrational “ avelength Total number 
transition transition ae lines 
2 A ?A—X 2I] 0,0 4133 to 4413 309 
3 1,1 (4185 to 4446 235 
1 2,2 14238 to 4468 ISS 
5 0, 1 4726 to 4941 198 
6 L2 \4741 to 4913 149 
Total 1, 079 
7 B 23 X 2II 0, 0 3871 to 4084 106 
8 1,0 3627 to 3710 54 
ss] | $025 to 4119 50 
Total 210 
10 C2z X 2II 0,0 3086 to 3219 119+ 
1] ee 3119 to 3222 50 
Total 1694 


Summary 


line than other contributors. The symbol || de- 
notes a predominant contributor. Parentheses are 
used in this column for lines masked in the solar 
spectrum. Only the more important masked CH 
lines are thus noted in the tables. For those CH 
lines marked (CH) or (M) in the laboratory inten- 
sitv column, if the solar identification refers to the 
CH line responsible for the masking, M is entered 
in the last column (see below). 

In the last column four letters are used to indicate 
the judgment of the authors regarding the assigned 
identifications of the solar lines. They are as follows: 

P The CH line is present in the solar spectrum, as 
indicated in the preceding column. 

B The CH line is present in the solar spectrum but 
blended. A blend means that there are at least two 
contributors to the solar intensity. 

M The CH line of the band in question is masked 
in ‘the solar spectrum. This category includes CH 
lines too faint to contribute appreciably to solar lines. 
In some the solar identification may read 
“CH” but it refers to a CH line in another band. 

A The CH line is absent from solar spectrum. 
Ends of branches at high J-values, where the line is 
too faint to be expected in the sun, are not counted as 
absent. Although there are a few wavelength agree- 
ments, these weak lines have been arbitrarily ex- 
cluded from the count. 

The present paper is one of a series planned to in- 
clude the data on individual molecules present in the 
sun. A general survey of the molecular program was 
presented by the authors in Liége in 1956 [15]. [tis 
hoped that the format adopted in the present tables 
may serve as a euide to those interested in preparing 
papers on molecular spectra in a style useful for 
astrophysical purposes. 

The authors are most grateful to Mrs. Isabel D. 
Murray for her very accurate and painstaking work 
in helping to prepare the tables. 


ceases 


Sun 
ao OF | Summary of counts 
References strongest solar 
. int = 
aAA Present Blend | Masked) Absent Total 
6 39.6 155 92 16 16 309 
6 24.3 70 68 iz 15 225 
6 26.6 d4 36 61 Ss 159 
7 0.6 5 3 14 a) 31 
| 0 0 
284 199 193 18 724 
6 19.4 3 4] 20 2 106 
6 13 Is 10 22 4 54 
6 7.6 16 1] 22 ] 50 
77 62 64 7 210 
towl. est. 
8 [2] 31 1] 1S 6 96 
8 [0] 8 13 24 5 50 
39 54 42 1] 146 
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CH in the Solar Spectrum 


A 27A—X *I1 (1,2) 


Laboratory 
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em-! 


21083. 
21077. 
21040. 
21034. 
20998. 


20997. 
20993. 
20992. 
20956. 
20955. 


20952. 7 
20951. § 


20916. 
20914. 


20912. 7 


20911. 
20876. 
20874. 


20873. 
20872. é 


20837. 
29835. 
20834. 
20800. 
20798. 


20798. 
20796. 
20787. 
20774. 
20765. 


20764. 
20763. 
20761. 6 
20760. : 
20752. : 


20751. 
20744. 


20731. £ 


20730. 
20729. 


20728. 
20726. 
20725. 


20724. ¢ 


20711. 
20710. 


20705. < 


20696. 


20695. § 


20692. 


20692. 
20691. 
20687. 
20686. 
20675. 


78 | 
49 | 
28* 
82 
22 


21* 
57 
87 
62 
52 | 





14 
71 
60 
99 
54* 





Wavelength 
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4741. 
4743 
4751. 
4752. 
4760. 


4761. 
4762. 
4762. 
4770. 
4770. 


4771. 
4771. 
4779. 
4779. 
4780. 


4780. 
4788. 
4789. 
4789. 
4789. 


4797. 
4798. 
4798. 


4806. 
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463 
697 


982 


219 
035 
194 
432 
682 


305 
505 
692 
975 


429 


644 
794 
145 
354 
644 


625 
089 
475 
263 
591 


784 
097 
279 
296 
267 


630 
913 
233 
486 
350 


486 
232 
214 
370 
640 


837 
438 
597 
891 
844 


009 
342 
332 
513 
216 
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508 
467 
610 
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Tape 6.—CH in the Solar Spectrum 


A 2A—X 21 (1,2) —Continued 


Laboratory 

Prea oe “oe Poac Qi Qia Qs Qoa Ried Ride Roed Roac Intensity ess aan ——— 
7 2 20674.45 | 4835. 541 
11 2 20670. 88 4836. 376 
11 : 20670. 20 4836. 535 
4 2 2 20665. 81 | 4837. 562 
: 2 20660. 10 4838. 899 
10 9 2 5 20659. 09 4839. 135 
10 3 20658. 03 4839. 384 
10 3 | 20655. 35 | 4840. 012 
10 3 20654. 55 4840. 200 
q 3 20644, 23 | 4842. 620 
if) 3 | 20641. 02 | 4843. 371 
g l l D | 20639. 87 4843. 641 
8 6 20630. 61* 4845. 817 
g 3 20629. O1 | 4846. 191 
t 2 20628 .34 4846 .350 
& 3 20627 . 96 4846. 440 
S | | 5 20626 .65 | 4846. 746 
7 2 20618.58 4848 .644 
7 7 } 20616.61 4849.108 
7 33 20614.78 4849 .537 
6 3 20607 .97 4851.141 
6 6 20606. 45* 4851.499 
6 6 20605 .36* 4851.755 
‘ 3 20604. 23 4852 .020 
5 3 20598 .95 4853 . 265 
5 3 | 20597 . 80 4853 .537 
+ 3 20596 .06 4853 .945 
5 3 20595 .01 4854.194 
| 3 20591 .61 1854.995 
| 3 20590. 65 4855. 221 
| 3 20587 . 97 4855 .854 
| 3 20587 . 27 4856.019 
3 2 20585 .87 $856. 348 
3 2 20584. 67 4856 .631 
2 y) 6 20582 .64* 4857.110 
) 3 20581 .17 4857 .459 
} 2 20580 ..69 4857 .572 
9 y) 2 20575 .52 {858.791 
2 2 20502 .61 4876.070 
2 t Z 20501.28 4876.387 
| t 2 20500 .65 41876 .535 
2 | l 20497 . 27 {877.340 
3 7 20496. 23* 4877 .589 
{ 5 20480. 80* {881.262 
} | | 6 20479 .27* 4881 .627 
t 6 20478 .34* {SS1.849 
4 7 20476 .93* 4882.185 
4 } 1 20475.50 4882. 526 
5 2 20460. 87 4886 .017 
. ] 20459 .59 4886 .322 
} : ] 20458. 64 4886. 549 
2 Z 20457 .36* 4886. 856 
5 6 20456. 67* 1887 .021 
6 4 20442. 89%, 4890 .315 
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TaB_e 6. CH in the Solar Spectrum 


A ?A—X IT (1,2)—-Continued 


Laboratory 

















Pied Pide Pred Pode Qi Qid Qo Qo Ricd Ride Roed Rode Intensity a laser ais 
cm é 

1 6 2| 20441.13 4890.735 
6 6 | 2 | 20439 . 97 4891.014 
5 6 | 2| 20438.76 4891 .302 
2 7 | 2} 20426.06 | 4894 .343 
9 7 7 3 | 20424.13 |  4894.807 
5 7 2| 20422.38 4895 .227 
4 8 2/| 20411.40 4897 .859 
2 8 2} 20409.71 4898 . 265 
0) 8 2) 20408.61 4898 .528 
0 8 2 | 20407.41 | 4898.816 
4 9 2} 20398.60 | 4900 . 933 
1 9 2 | 20397.08| 4901. 296 
1 y 2 | 20395 .39 | 4901.704 
7 9 2) 20394.16 | 4901.999 
1 10 2} 20387.46 | 4903 .610 
0) 10 2| 20386.24 | 4903 .905 
10 10 2\ 20383.50 4904 .563 
tf 10 2| 20382.60 | 4904.779 
4 11 2| 20377.89 | 4905.913 
8 11 2| 20376.83 | 4906. 169 
37 1! 2) 20373.31 | 4907 .017 
7 11 2| 20372.53 | 4907 . 205 
19 12 2| 20370.00 | 4907 .814 
5 12 2| 20368.99 | 4908 .057 
2() 12 2 20364.85 | 4909 .055 
35 12 13 2 20364. 14 | 4909 . 227 
37 13 2) 20363.15 | 4909. 463 
15 14 2) 20359.49 | 4910.347 
4 14 2) 20358.74 | 4910.529 
5 13 2) 20357.79 |  4910.756 
21 13 2| 20357.56 | 4910.812 
4 15 2) 20356.53 | 4911.062 
19 15 2| 20356.01 | 4911.186 
18 17 17 2{| 20355.21 4911.379 
31 16 2} 20354.79 4911.481 
10) 16 2| 20354.36 4911.583 
59 l4 14 3| 20352.25 4912.094 
72 15 15 2 | 20348.75 4912.939 
1 16,17 16 17 1} 20346.28 4913 .535 
70 
Q7 *Blend. 
25 tSatellite lines as follows: 

40) 
SY 
62 ere as ' atthe “i 
a Laboratory | Laboratory 
49 Designation _ ; 7 Designation J et - Eas c 
Q5 Wave number} Wavelength |W ave number | Wavelength 
26 | aeenias sammie Waemeitae 1: 

7 Rosa te 3 | 20692.96 | 4831. 216 Po te 3a 3 | 20500. 65 | 4876. 535 

, Ra oer 1a; Reed te ; 2 | 20660. 10 | 1838. 899 || Q le 24 4 | 20478. 34 4881. 849 
22 Rass iat Masa te - 1 | 20628. 34 | 4846. 350 || Mo 40 98 5 | 20458. 64 | 4886. 549 
49) O14 2¢ 3 | 20501. 28 | 4876. 387 || 
56 | | i] | 
21 _ ——onene ee 

15 


45 








Pi P 
] 
2 
2 
2 
oO 
4 
4 


to 


-~ 


w— 


16 


Laboratory 


R2 | Intensity 
7 25 
6 27 
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33 
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5 20 


a) 
29 
39 


38 
2()? 
47 
y 
15J : 
20? 
54 
13 
18 
51 


16 6 


TABLE 


Wave number 
cin 


25823. 37 
25822. 18 
25821. 35 
25820. 64 
25819. 84 


25818. 7: 
25817. 23 
25814. 51 
25813. 61 
25811. 97 


25808. 78 
25805. 46 
25802. 18 
25800. 65 
25797. 09 


25792. 77 


a | 
5 OS pap be 
“aS 
1S 


toto ty ty by 


Strorororet 
Tris" 
SOON OD 


CO 
“J 


bo 
an oe 
we 
— 
ta CO 
— 
So © 


bo bo Ob tO 
Sr Gr Gt Gt Gt 
sJeJ oe] sj °] 
jin, jie, fin tn at 
or or o> 

' 

~) 


25703. 82 
25700. 66 
25698. 25 
25695. 99 
25691. 81 


25682. 60 
25680. 35 
25679. A 
(25666. 16 
| 25665. 63 


25664. 45 
25663. 66 
25656. 61 
25650. 29 
25646. 44 


~ 


5644. 34 
623. 25 
621. 54 
25620. 87 
618. 96 


~~) 
oro 


. 
« 


. 


Vhobor 
tor 


€ 


S 


17. 86 
16. 58 
5596. 57 
25595. 02 
582. 80 


25579. 53 
25566. 07 
25564. 66 
563. 94 
1562. S1 
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B 2>-—X 2II (0, 0) 
Wavelength Wavelength Disk int. 

A A ANA 
3871. 363 | 3871. 392 226 
3871. 542 | 3871. 563 | 24.5 
3871. 666 | 3871. 651 iD: J 
3871. 773 | 3871. 758 | 41.8 
3871. 893 | 3871. 9038 14. 4 
3872. 059 | 3872. 062 25.8 
3872. 284 | 3872. 273 | 20.9 
3872. 692 | 3872. 732. 31.8 
3872. 827 3872. 834 21.9 
3873. 073 3873. 090 30 
3873. 552 | 3873. 575 | 20.9 
3874. 050 | 3874. 060) 47. 6 
3874. 543 | 3874. 524 | 23. 4 
3874. 773 | 3874. 776 | 22. 4 
3875. 308 | 3875. 290 | 24.5 
3875. 956 | 3875. 948 19.3 
3876. 978 | 3876. 978 — 26.9 
3877. 191 | 3877. 198 | 19. 1 
3877. 455 | 3877. 451 19. 1 
3878. 412 | 3878. 412 | 33. 2 
3878. 768 | 3878. 747 | 61.9 
3880. 180 3880. 190 4 aE | 
3880. 380 | 3880. 394 22 
3881. 482 | 3881. 490 a2 
3884. 225 | 3884. 222 | 10.8 
3884. 416 | 3884. 440 9.5 
3886. 410 | 3886. 428 9 31. 6 
3888. 909 | 38888. 938 20.8 
8889. 113 | 3889. 105 | 39. 4 
3889. 180 | 3889. 231 14.7 
3889, 370 3889. 358 we 
3889. S48 3889. S48 Ze. 1 
3890. 213 7 3890. 196 16. 4 
3890. 555 | 3890. 568 ) 16.7 
3891. 188 | 3891. 198 | 20. 4 
3892. 584 | 3892. 591 16. 4 
3892. 925 | 3892. 898 26. 2 
3893. 069 | 3893. O74 30. 3 
3895. O77 | 3895. OSS | 21. 2 
3895. 157 | 3895. 167 12. 6 
3895. 337 1 3895. 334 | 19.3 
3895. 457 3895. 448 42. 3 
3896. 527 3896. 534 5. 9 
3897. 487 3897. 458 28. J 
3898. 072 | 3898. 094 18. 7 
3898, 391 7 3898. 394 | 22. 4 
3901. 600 3901. 598 A) 
3901. S60 3901. S66 21.4 
3901. 962 | 3901. 977 13.3 
3902. 253 | 3902. 262 21.5 
3902. 421 3902. 430 14.9 
3902. 616 7 3902. 632 15. 9 
3905. 667 3905. 679 46. 1 
3905. 904 | 3905. 905 25. 9 
3907. 770 | 3907. 774 | 12.8 
3908. 268 | 3908. 274 3.8 
3910. 327 3910. 334 24. 3 
3910. 542 | 3910. 534 30. 4 
3910. 653 3910. 667 16 
3910. 825 | 3910. 849 26. 1 
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TaBLeE 7. CH in the Solar Spectrum 


B 2>-—-X 2IT (0, 0)—Continued 











Laboratory Sun 
P P» Qi Qe R: Ro | Intensity Wave number) Wavelength | Wavelength Disk int.; Spot | ©—lab. Solar identification Notes 
em! A A ANA A | 
5 28 25542.01 3914.010 , 3914.013 16.6 +0. 003 CH P 
5 32 | 25539. 32 | 3914. 422 | 3914. 426 | 26.1 | u +0. 004 | CH 1 
10 59 | 25531. 63 | 3915. 601 | 3915. 612 | 23 +0. O11 | CH P 
10 63 | 25530. 36 | 3915. 796 | 3915. 811 | 32 s? +0. 015 CH—Cr1 | B 
(5 18 30 25498. 30 | 3920. 720 | 3920. 729 | 27.8 | u +0. 009 CH— | B 
6 33 | 25496. 00 | 3921. 073 | 3921.049 | 42.1.) s 0. 024 Cr1(CH) M 
11 5 f 25492. 92 | 3921. 547 | 3921. 556 | 27.8 | w +0. 009 CH P 
11 59 25491. 85 | 3921. 712 | 3921. 716 | 26.8 | u +0. 004 CH | P 
7 32 25451. 42 | 3927. 941 | 3927. 933 (1459 S 0. 008 Fe 1 (CH) M 
7 12 86 25449. 63* 3928. 218 | 3928. 217 | 49.4 | u 0. 001 CH P 
12 63 25448. 80 | 3928. 346 | 3928. 345 32. 8 -0. 001 CH P 
8 is 80 25401. 73* 3935. 625 | 3935. 645 | 31 uN +0. 020 | CH P 
13 65? 25401.03 | 3935. 734 | 3935. 73 18 0. 00 CH P 
8 38 25399. 72 | 3935. 937 | 3935. 979 | 59.4 | s +0. 042 Co1 (CH) | M 
14 65? 25348. 77 | 3943. 848 | 3943. 820 | 39.6 | uN 0. 028 CH | 
a) 14 78 25348. 16* 3943. 943 | 3943. 918 8. 9 -0. 025 Ce mn —CH| B 
i) 37 25346. 65 | 3944. 178 | 3944.179 | 33.1 uN +0. 001 |\CH— | B 
10 34 25291. 71 | 3952. 746 | 3952. 756 | 6.3 +0. 010 CH P 
10 15 79 25290. 26*, 3952. 973 | 3952. 982 | 28 s* +0. 009 CH P 
15 50? 25289. 46 | 3953. 098 | 3953. 084 | 12.5 0? 0. 014 CH P 
fa 33 25231.54 | 3962.172 | 3962.184 | 21.4 | u +0.012 CH— B 
11 35.5 | 25230.12 | 3962.395 | 3962.398 8.5 +0.008 CH P 
16 lag (25225.46 | 3963.127 | 3963.115 | 44.9 | u —0.012 Fe 1 (CH) M 
16 aad \25224.93 | 3963.211 3963.233 | 28.5 | u +0.022 CH P 
12 31 25167.58 | 3972.242 | 3972.267 15.8 | w? +0.025 CH P 
12 32 25166.26  3972.450 | 3972.44 i323" uN 0.01 Cor CH B 
17 ! 18 {25153 .89 3974.404 | 3974.396 | 27.3 | u —(0.008 Fe 1 (CH) M 
17 set \25153.48 | 3974.469 | 3974.497 | 25.9 | u + 0.028 CH— B 
13 27.5  25099.63 3982.996 | 3983 .008 Lac +0.012 | CH— B 
135 30 25098. 41 3983 .190 | 3983.199 16.5 | wu +Q.Q09 | CH— B 
Is | (25074.46  3986.994 J). : ans : f 0.000 CH B 
18 ¢ 4 |195074.17 | 3987.040 [f2986-994 | 13.7 | uN) _ 9.046 M 
14 25 25027.29 3994.509 | 3994.514 | 17.6) u +0.005 CH—Co 1 B 
14 26 25026.13  3994.693 | 3994.683 1625) | 2 0.010 Tir Nd 1CH B 
19 24986.23 | 4001.074 | 4001.110 6.0 + 0.036 A 
15 20 24950. 24 1006.845 | 4006.825 10.5 | uN —().020 —CH B 
15 21 24949.16 | 4007.018 | 4006.997 Leh —().021 CH P 
16 17.5 | 24868.31 4020.046 | 4020.029 8.5 | uf 0.017 —CH B 
16 18 24867.27 4020.214 | 4020.1938 10.7 u 0.021 CH B 
7 13 24780.76 | 4034.249 | 4034.232 L239) 'u —0.017 —CH B 
17 is 24779.74 1034.415 | 40384.386 9.9 0.029 CH Pp 
Is 6.5  24686.90 | 4049.587 | 4049.565 10.1) u 0.022 CH P 
IS 5.5 | 24685.91 4049.750 | 4049.731 Li .6-| w --§.019 CH P 
19 24585.82  4066.237 | 4066.220 6.4 | u —0.017 CH B 
19 24584.86 1066 .396 | 4066.373 18.7 |s — 0.023 Cor M 
20 24476.39  4084.417 A 
*Blend. 
tSatellite line as follows: 
| Laboratory 
Designation | PY , 
Wave number | Wavelength 
Peie ] 25698. 25 3890. 213 
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TaBLe 8. CH in the Solar Spectrum 
B 2>-—X 2II(1, 0) 


Laboratory Sun 
P; P2 Qi Q: Ri Ro Intensity |Wave number Wavelength Wavelength Disk int. )—lab. Solar identification Notes 
em-t A A AX/X A 
3 0.9 27561. 60 | 3627. 202 | 3627. 169 > 0. 033 Fe 1?—CH B 
24 1.0 27559. 78 | 3627. 442 | 3627. 456 a2 +0. 014 CH P 
4 \ 19 (27558. 31 3627. 635 | 3627. 623 | 3 0. 012 Mei? CH B 
3 f reg \ 27557. 74 | 3627. 710 | 3627. 715 0.7 +0. 005 Vu Ti M 
4 1.5 97554. 95 3628. 078 | 3628. 098 21.8 +Q. 020 Fer M 
2 0.9 | 27553. 45 | 3628. 275 | 3628. 279 6.8 LO. 004 CH P 
5 1. 4 27548. 01 | 3628. 992 | 3629. 006 4.4 +0. 014 CH P 
i) 1.8 27545. 17 3629. 366 | 3629. 352 4. 4 0. 014 CH P 
1 0.7 | 27542.25 | 3629. 751 3629. 737 14 0. 014 Mni M 
6 1.2 27530. 49 | 3631. 301 | 3631. 265 45. 4 0. 036 A 
6 1.5 | 27528. 25 «3631. 596 | 3631. 586 31.2 0. 010 M 
1 & | 27515. 40 3633. 292 7 3633. 308 6. 6 +0. O16 CH P 
7 1. 1 27505. 35 | 3634. 620 | 3634. 618 5 0. 002 C r 
4 1.0 27503. 40 3634. 878 | 3634. 865 5. i 0.013 CH P 
1 en 27497. 52 3635. 655 | 3635. 652 4.7 -0. 003 aa Ip? CH B 
1 2 t 2.1 27492. 88* 3636. 269 | 3636. 238 16. 5 0. 031 Fel M 
2 23 27486. 64 3637. 094 | 3637. 058 10. 7 0. 036 Fert M 
1 1.1 | 27475. 26 | 3638. 601 3638. 605 2 +-0. 004 CH P 
3 2. 4 27472. 90 3638. 913 | 3638. 905 4.4 0. OOS CH P 
8 M 27472. 28 3638. 996 7 3639. 030 ae | -Q. 034 Vi M 
8 M 27470.15 3639. 277 | 3639. 285 14.3 0. OOS M 
3 2.9 27468. 73 | 3639. 466 | 3639. 450 18. 7 0. 016 Col M 
Z M 27448. 48 | 3642. 151 | 3642. 147 22.8 0. 004 CH B 
4 2.9 27447. 38 | 3642. 297 | 3642. 281 5.9 0. 016 CH P 
4 3. 6 27444. 25 | 3642. 712 | 3642. 682 31.8 0. 030 Tit M 
4 1.5 27442. 25 3642. 978 | 3642. 971 5. 4 0. 007 CH P 
9g 0. 1? 27429. 39 3644. 686 | 3644. 695 15.8 +-Q. 009 Cri M 
9 9.1?  27428.09 3644. 859 A 
5 yes 27415. 56 | 3646. 525 | 3646. 504 6. 6 0. 021 CH P 
5 3.9 27413.08 3646. 855 | 3646. 837 9,9 0. 018 CH B 
3 Fes} 27406. 76 = =3647. 696 | 3647. 669 59. 6 0. 027 Cot M 
3 & 27402. 50 3648. 263 | 3648. 228 14 0. 035 Fe rp —CH B 
6 3.6 27377.09 3651. 649 | 3651. 654 28 +0. 005 Nii Orn M 
6 4.0 27375.02 3651. 925 | 3651. 921 25. 6 Q. 004 CH B 
4 1.8 27359. 76 | 3653. 962 | 3653. 979 20. 2 -0. O17 Fel M 
4 Aa | 27356. 49 | 3654. 398 | 3654. 586 D4 0. 012 CH P 
7 3. 5 27331. 61 | 3657. 725 | 3657. 711 21.2 0. 014 Nit Fe1 M 
7 3.6 | 27329.83 3657. 963 A 
5 Z. 3 27306. 82. 3661. 046 | 3661. 038 10. 4 0. OOS CH P 
5 Ags 27304.15 3661. 404 | 3661. 372 22.6 0.032 Smit Fer -Vu M 
8 22 27278. 56 3664. 839 | 3664. 828 13 0. 011 CH P 
S 23 27277.08 3665. 038 | 3665. 028 13.9 0. O10 CH B 
6 7 A 27247.74 3668. 984 | 38668. 969 23 0.015 Tit M 
6 2. 6 27245. 47 3669. 290 | 3669. 244 35 0. 046 Nil M 
9 1.0 27217. 46 3673. 066 | 3673. O87 1 Aa | 0. 021 Ket AY 
9 1.0 27216. 18 | 3673. 239 | 3673. 226 iW.2 0. 013 CH B 
“f = 27182. 16 | 3677. 836 | 3677. 855 38. 5 +0. O19 Cri M 
7 2.6 27180. 21 | 3678. 100 | 3678. 100 12.9 0. 000 CH P 
Ss 2 2 27109. 90 | 3687. 640 3687. 660 41.7 + Q. 020 Fel M 
s 2.5 27108. 14 | 3687. 878 | 3687. 866 7.6 0. 012 CH P 
9 1.2 | 27030. 43 | 3698. 482 | 3698. 477 ic3 0. 005 CH B 
9 ioe 27028. 86 | 3698. 697 | 3698. 694 6.8 0. 003 CH li 
10 0.5  26942.95 3710. 490 A 
10 0. 5 26941. 64 3710. 670 | 3710. 638 10.8 0. 032 | 
* Blend. 
t Satellite line as follows: 
Laboratory 
Designation a i _—— 
| Wave No. _ Wavelength 
Peie l | 27492. 88 | 3636. 269 
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Tasie 9. CH in the Solar Spectrum 








= 7 B2>-—X 2M (1, 1) 
Laboratory 
I Qi Q Ri Re | Intensity Wave number; Wavelength | Wavelength | Disk int. | 
em-! | A A | AA/A | 
e = ee ee : —| 
| | 
4 1 24835. 75 | 4025. 316 | 4025. 308 | 3.5 | 
3 2 24835. 22 | 4025. 402 | 4025. 429 | 11.9 | 
4 |} 2 24832. 45 | 4025. 851 | 4025. 823 | 15. 9 | 
3.5 3.5 | 24830. 76*, 4026. 125 | 4026. 168 | 10.7 | 
2 0.5 24829. 60 | 4026. 313 | 4026. 310 | 1.7 | 
5 I 2.5 | 24828. 06* 4026. 562 | 4026. 542 | 10.4 | 
2 l 24823. 62 | 4027. 283 | 4027. 251 | 2.4 | 
6 0.5 | 24819. 66 | 4027. 926 | 4027. 943 | 7.0 | 
6 0.5 | 24817. 25 | 4028. 317 | 4028. 346 | 22. 3 | 
I 0.5 24810. 17 | 4029. 466 | 4029. 443 2.5 | 
7 0.5 24801. 91 | 4030. 808 | 4030. 763 | 53. 1 
f 0.5 24799. 95 | 4031. 127 | 4031. 116 4.2 
I 0.5 24783. 46 | 4033. 809 | 4033. 790 2. 4 
l 2 24765. 72 | 4036. 699 | 4036. 670 1.5 
2 2 24762. 79 | 4037. 177 | 4037. 121 | 10.9 
| t 0.5 24761. 26 | 4037. 426 | 4037. 438 1.2 
2 3.5 24756. 88 | 4038. 140 | 4038. 124 3. 2 
3 3.5 | 24746. 14 | 4039. 893 | 4039. 864 2. 2 
1.5 | 24743. 41 | 4040. 339 | 4040. 310 4.0 | 
3 1 24742.16 | 4040. 543 | 4040. 514 6.9 
1 15 24724.98 | 4043. 350 | 4043. 346 | 5.9 
1 4.5 24721. 89 | 4043. 856 | 4043. 906 | 22. 0 
2 0.5 24718. 50 | 4044. 410 | 4044. 380 ae 
l 24712. 51 | 4045. 3891 | 4045. 390 | 25. 0 
) 1 24698. 42 | 4047. 699 | 4047. 673 | 5.4 
5) 5 24696. O1 | 4048. 093 | 4048. 072 | 5. 9 
3 l 24680. OL | 4050. 718 | 4050. 680 | 14. 1 
2 24675. 90 4051. 392 
6 \ 24666. 30 | 4052. 969 | 4052.940 | 7.9 
6 5 24664. 35 | 4053. 290 | 4053. 271 | 15. 0 
1 2 24637. 26 | 4057. 747 | 4057. 733 3. 2 | 
3 24634. 33 | 4058. 229 | 4058. 221 | 24.9 
ri 3.5 24628. 23 | 4059. 234 | 4059. 222 | 5.7 | 
7 | 24626. 54 | 4059. 513 | 4059. 502 5. 7 
7) { 24589. 48 | 4065. 632 | 4065. 587 3.7 
3.5 24587. 06 | 4066. 0382 | 4066. 004 3. 0 
Ss 2 24583. 70 | 4066. 588 [| 4066. 590 | 19. 7 
S 3 24582. 18 | 4066. 839 | 4066. 820 4.6 
6 2.5 24536. 85 | 4074. 352 | 4074. 332 , 4.4 
3 24534. 69 | 4074. 711 | 4074. 684 | 14.0 
9 1.5 | 24532. 00 | 4075. 158 | 4075. 103 | 15. 2 
a) 0.5 | 245380. 85 | 4075. 349 | 4075. 316 | 7.6 
7 3 24478. 67 | 4084. 036 | 4083.999 | 4.9 
3.5 24476. 75 | 4084. 357 | 4084. 327 | 6.4 
Ss 2.5 24414. 86 | 4094. 710 | 4094. 698 | 5.9 | 
2.5 24413. 13 | 4095. 000 | 4094. 938 | 25. 4 | 
9 | 24344. 81 | 4106, 493 | 4106, 432 | 19.5 | 
l 24343. 31 | 4106. 746 | 4106. 730 | 3.8 | 
10 0.3 | 24268. 04 | 4119. 483 | 4119.526 | 7.1 
0.3 24266. 88 | 4119. 680 | 4119. 671 3. 6 
*Blend. 
tSatellite line as follows: 
Laboratory 
Designation J 
Wave No Wavelength 
Pere l 24761. 26 1037. 426 
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Sun 
Spot ©—lab | 
——_|—————_ 
-0. 008 | 
u | +0, 027 | 
u | —(, 028 | 
sd +0. 043 | 
| —0. 003 | 
8 — 0. 020 
s | —(0. 032 
u +0. 017 
u +0, 029 | 
u — 0. 023 | 
| 
S 0. 045 | 
u 0. O11 
u -0. O19 | 
| —Q(Q, 029 | 
| | —Q. 056 | 
| +0. O12 | 
| gs | -0. 016 | 
| s | —0. 029 
8 — 0, 029 
| a —0. 029 
| uN —(. 004 | 
uU +0. 050 | 
—0. 030 | 
u 0. OOL | 
| gs | —0. 026 | 
| a —0. 021 | 
| u —(0. 038 | 
U | —(). 029 | 
€u | —0. 019 | 
| 
0. 014 | 
8 | —(. 008 
u | —Q@Q. 012 | 
| u —0. O11 | 
| wu —(0. 045 | 
ul |} —0. 028 | 
au +0. 002 
U |} —0. 019 | 
sN —0. 020 | 
u —0. 027 | 
u 0. 055 | 
uN | —0O. 033 | 
| U | —(. 037 
| uw —(. 030 | 
u | —0. 012 | 
s | —0. 062 
u | —O. 061 | 
€u | —0. 016 | 
s | +0. 043 
sd? 0. 009 


Solar identification 
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CH 
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CH 
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TaBLeE 10. CH in the Solar Spectrum 


C 2z+—X ?II (0, 0) 


Laboratory Sun 
Py P» Q) Q» R, Re Intensity |\Wave number) Wavelength Wavelength Disk int. O—lab. Solar identification Notes 
em-! A A Rowl. est. A 
26 0. 2 32388. 47 3086. 622 | 3086. 636 |—1] -0. 014 M 
26 0.2 32387. 24 | 3086. 739 | 3086. 787 | 4] +0. 048 Co1 A 
25 0.25 32384. 23 | 3087. 027 | 3086.988  [—2] 0. 039 M 
25 0.25 32383. 11 | 3087. 133 A 
24 0. 35 | 32377. 11 | 3087. 705 | 3087. 693 [—1] 0.012 M 
24 0.35 | 32376.03 | 3087. 809 | 3087. 843.) [ ONd?] LO. 034 CGoa—Cri? M 
23 0.5 32367. 58 | 3088. 615 | 3088. 610 | |—1] 0. 005 M 
23 0.5 32366. 42 | 3088. 725 | 3088. 752 | 2] -0. 027 M 
22 1 32355. 73 | 3089. 746 | 3089. 745 [ 2] —0. 001 OH M 
22 1 39354. 53. 3089. 860 | 3089. 868 [| 2) -Q. 0O8 OH M 
21 1.5 32341. 55 | 3091. 100 | 3091. 071 {| 4] 0. 029 Meg 1 M 
21 2 39340. 55 3091. 196 | 3091.213 | IN] LQ. O17 CH OH B 
20 : 32325. 75 | 3092. 612 | 3092. 598 [—3] 0. 014 CH OH B 
20 25 39324 78 | 3092. 704 | 3092.712 [ 41] +-Q. OOS Alt M 
19 25 32308. 24 3094. 288 | 3094.295 | 1] 0. 007 CH B 
19 5 39307. 55 | 3094. 354 | 3094. 364. [—1] 0. 010 CH P 
18 | (32289.14 3096. 119 f. anaes 4 f +0.019 ) i 
1S | 132288. 60 | 3096. 169 |/3096 188 [2 1 —9.031 |f OH Oru M 
i7 l ¢ {32268.92 3098. 058 | 3098.072 | 0) -Q. 014 CH P 
7 iy (32268. 35 3098. 113 A 
16 Rens (32247. 47 , 3100. 119 f}). 3 ne f +0.031 |) , : 
16 | 8 132247, 15 | 3100, 149 [f3100. 150 [— IN] oe |f CHCH B 
15 15 10 39224. 58 | 3102. 321 J 3102. 299 [ 3] 0. 022 CH—V 1 B 
14. 14 1] 32201. 35 3104. 559 7 3104. 571 { 2N] +-Q. O12 CH—Ti 11? 3 
IS ae be! 39177.15 3106. 894 | 3106. 907 | 1] +0. O13 CH P 
2 a2 14 39152.07 | 3109. 318 | 3109. 333) [3] +0. O15 OH CH B 
i ee be 14.5 32126. 56 | 3111. 786 | 3111. 814 [| 2] -Q. 028 Fei CH B 
10 L435 £32100. 38 | 3114. 324 | 3114. 316 [2] -0. OO8 Fe um CH B 
10 (f°? (132100.05 | 3114. 356 | 3114.353 [1 0. 003 CH P 
g (32073. 67 | 3116. 919 | 3116.917 [ 0] 0. 002 CH P 
12 
9 8 |32073. 16 | 3116. 968 | 3116.982) [ 1] 0. 014 CH P 
9 32046. 63 | 3119. 548 7 3119. 504 [| 3] 0. 044 Fe 1 M 
gs 7 9 32045. 49* 3119. 659 [| 3119. 678 |[ 1] -0. O19 OH CH Cr 1 B 
8) 32019. 32* 3122. 209 | 3122.219 | Of +0. 010 OH CH B 
7 9 32018. 18 | 3122. 320 | 3122. 317 | [| 1) 0. 003 Fe 1 CH B 
6 1] 31991. 55 | 3124. 920 | 3124.918 [ 2] 0. 002 CH OH B 
6 11 31990. 06* 3125. 065 | 3125.053 [| 2] 0.012 Cr 1—CH B 
5 9 31963. 71 | 3127. 641 | 3127. 671 | [ 2d?] - 0. 030 OH CH Tir? | B 
5 9 31961. 62 | 3127. 846 | 3127. 846 [ 1] 0. 00O CH P 
4 7 31935. 88 | 3130. 367 | 3130. 415 [ 1) -0. 048 Be 1 M 
4 7 31933. 06 | 3130. 543 | 3130. 567 [1] +0. 024 OH Fe i M 
3 5 31908. 03 | 3133. 099 | 3133.066 [| 1] 0.033 ||Fe 1-—Se M 
3 5 31904. 23 | 3133. 472 } 3133. 491 | [ 0] -0. 019 Zr i M 
2 2.5 31880. 74 | 3135. 781 A 
2 3 31874. 92 | 3136. 354 7 3136. 345) = [—1] 0. 009 CH P 
l 3 31844. 93 | 3139. 308 | 3139. 306 [ 0] 0. 002 CH P 
16 16 \ 31802.95 | 3143. 452 ( +0. 034 M 
15 | 31802. 8 3143. 466 +0. 020 
15 | 31802. 75 3143. 471 +-Q. O15 
17 17 90 31802. 6 3143. 487 153143. 486 | [ 2N] 0. 001 Vu CH | B 
14 31802. 35 3143. 511 | | 0. 025 | 
14 } 31802. 2 3143. 526 0. 040 | 
13 (31801. 75 3143. 570 J) , +0.005 ) 
18 18 aa 121801. 65 3143. 580 97-3143. 575 [ IN] 0.005 | CH | B 
13 131801. 45 3143. 600 |) 0. 025 | 
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TABLE 10. 


C 2z+—X 271 (0, 0) —Continued 


CH in the Solar Spectrum 


Wave number| 
em-! 


31801. 05 
31800. 5 
31800. 3 
31800. 25 
(31799. 6 


| 31799. 4 
{31798. 6 
31798. 5 
31798. 1 


|} 31797. 6 


(31795. 3 
31795. 1 
31795. 0 
31794. 1 
31793. 0 


31792. 0 
31790. 93 


| 31789. 78 
| 31788. 13 


31786. 06 


| 31732. 62 
| 


31709. 12 
31705. 16 
31680. 54 | 
31677. 66 


31652. 28* 
31650. 11 
31624. 45 
31622. 73* 
31596. 93 | 


31595. 59 | 
31569. 75 
31568. 73 
31542. 82 | 


31542. 22 | ; 


(31516. 27 
(31515. 92 
31489. 89 
31464. 03 


| 31488. 33 | 


Wavelength 
A 


3143. 
3143. 
3143. 
3143. 
3143. 


| 3143. 


3143. 
3143. 
3143. 
3143. 


3143. 
3144. 
3144. 


| 3144. 


3144. 


3144. 
3144. 
3144. 
3144. 
3144. 


3144. 
3144. 
3144. 
3144. 
3145. 


3145. 
3145. 


| 3146. 
3146. 


3147. 


| 3147. 
| 3147. 


3148. 
3148. 


| 3149. 


3150. 
3152. 
3153. 


3155. 


| 3155. 


3158. 


| 3158. 


3161. 
3161. 
3163. 
3164. 
3166. 
3166. 


640 
694 
714 
719 
783 


803 
88 
89 
93 
98 


99 
07 
10 
14 
15 


21 
23 
24 
33 
44 
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640 
754 
917 
122 


763) 
809) 
566) 
617) 


551 


609] 
768 
706 
762 
837 


419 
754 
148 
598 
891 


416 
632 
195 
367 
949 
O83 
673 


775 


9. 376 
19. 4388 


047 
O82 
704 


. 313 


911 
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Wavelength 
A 


| 3144. 


3144. 
3144. 


3144. 
3144. 
3144. 
3144. 
3145. 


3145. 


3146. 


3147. 
3147. 


3148. 
3149. 


3150. 
3152. 
3153. 
3155. 
3155. 


3158. 
3158. 
3161. 
3161. 
3163. 


3164. 
3166. 
3166. 
3169. 
3169. 


3172. 
3172. 
3174. 
3177. 
3179. 


3. 764 


3. 896 


3. 996 


. 116 | 


791 
598 
599 


784 


797 | 
852 


417 
737 
191 
622 
905 


403 
633 
204 
382 
930 


068 
674 
767 
366 
427 


051 
O87 
697 


302 


901 | 











Sun 
| Diskint. | ©—lab. 
Rowl. est. | A 
+0. 050 
+0. 045 
4] -0. 019 
0. 039 
| -Q. 02 
0) LO. O1 
| —0. 03 
; +0. 02 
2] 
| 40.01 
( +0. 02 
0) -0. 02 
| —0.03 
| +0. 03 
0] +0. 01 
| =. 00 
0] 0. 00 
1] LO. O1 
1] —0. 03 
0] -0. 011 
1] -0. 017 
0} +0. 008 
3] —0. 031 
f +0. 
1) |) — 0.018 
1] sf +0. 032) 
| —0. O19f 
, ; +0. 048) 
l J 
| —o. 010) 
i] +0. 016 
ON] LO, 035 | 
2] +0. O15 
1] -0. 002 
INd?]; —0O. 017 | 
3] LO. 043 
0} | +0. 024 
0} | +0,014 
1] 0. 013 
0} LQ, 001 
3] +0. 009 
1] +O. O15 
1] 0. 019 
0] 0. O15 
1] LO. 0O1 
0) -0. 008 
1 —0. 010 
1 0. O11 | 
3] +0. 004) 
4 +0. 005f 
2 0. 007 
2 0. O11 
0 0.010 | 


Solar identification 


J } 
|| Ti mn CH—OH 


CH Cru 


CH Fer 


CH 


Tiu V mu—Fe 
CH Fe1 


‘Fe 1—Cr um (CH) 


ed Cr nu? CH—CH 


CH—CH OH 


Fe 1—CH 
Fel 


OH 


CH 
Co 1—CH 
|Fe 1 OH 

CH 

CH 


CH 

CH 

Ti 
Fe 1 CH 
Cr u—CH 


CH 
CH Fem 
CH 
CH 
CH 


Fer Crit (CH) 
CH 
Co 1—CH 
CH 

















> OU he 


~ 


18 


19 


20 


hat 
Ort 


16 


*Blend. 


tbo 


TABLE 10. 


CH in the Solar Spectrum 








C ?=*+—X 21 (0, 0)—Continued 
Laboratory 
Q: Q R; R Intensity |Wave number) Wavelength Wavelength Disk int. 
cm! A A Rowl. est. 
17 | 31412. 94 | 3182. 481 | 3182. 471 | [ 2] 
| 15 | 31387. 76 | 3185. 034 | 3185. 022 [ IN] 
\ §31363. 00 | 3187. 5491f a,0" eee caaal 
fll 131362. 71 | 3187. 578s] 218% 556 | [ ONd?] , 
| (31338. 25 3190. 066 | 3190.042 [1] 
10 4 
| |31337.82 3190. 110 | 3190.104 [ 1] 
\ 8 f31313. 65 | 3192. 573 | 3192. 5384 [—1] 
ea (31313. 07 3192. 632 | 3192.617 | [—1] 
6 31289. O07 | 3195. O8O | 3195. O85 | [0] 
“f 31288. 28 3195. 161 | 3195. 140 [— 1] 
4 31264. 33. 3197. 609 | 3197. 596 | [— 1] 
8 31263. 44* 3197. 700 | 3197. 710 | [ IN] 
3 31239. 60 | 3200. 140 | 3200. 137) [—-1] 
4 31238. 63 | 3200. 240 | 3200, 295 | [ 2Nd?] 
3 31214. 62 | 3202. 701 | 3202.695 | [ 0] 
4 31213. 57 | 3202. 809 | 3202.822 [ 0] 
Ld 31189. 12 | 3205. 320 | 3205. 333 | [—1] 
2 31188. 04 | 3205. 431 7 3205. 408 [2] 
l 31163. 39 | 3207. 967 | 3207. 989 [ 0] 
3 31162. 11 3208. O98 | 3208. 094 [  O} 
I 31136. 68 | 3210. 719 | 3210. 724 | [—1] 
1 31135. 45 | 3210. 845 | 3210. 836 [ 2] 
l 31108. 98 3213. 577 | 3213. 564 [—2] 
1 31107. 64 3213. 716 | 3213. 694  [—1] 
1 31080. 42 3216. 530 | 3216. 546 [0] 
I 31079. 03 | 3216. 674 | 3216. 694 [ 1] 
0.5 31050. 36) 3219. 645 
l 31049. 00 = 3219. 786 | 3219. 805 [3] 
TaBLe 11. CH in the Solar Spectrum 
C22 X 211 (1,1) 
Laboratory 
R Intensity Wave number Wavelength Wavelength Disk int 
em! ! ! Rowl. est. 
19 1 32050. 51 3119. 171 3119. 198 | [ 1Nd?] 
18 (CH) 32045. 67* 3119. 642 3119. 678 [ 1 } 
17 l 32038. 34 3120. 355 3120. 372 | [ 3 } 
16 Ld 32029. 60 3121. 207 Biel. 160 | 4 4 } 
15 (CH) 32019. 19* 3122. 222 3122. 219 |; [ O | 
14 2 32006. 57 3123. 453 3123. 443 | [-—1 
13 (CH) 31990. 65* 3125. 007 3124.998 | [ 4 } 
12 4.5 31974. 16 3126. 619 3126.617 | [ 1 
11 3 31956. 69 3128. 328 3128. 289 | [ 1 | 
10 (OH) 31936. 86 3130. 271 3130. 267  [ 3 } 
8 (OH) 31895. 65 3134. 315 3134. 337 | [ 1 | 
7 1.5 31873. 48 3136. 495 3136. 506 | [ 2 } 
6 1.3 31850. 58 3138. 751 3138. 786 [ O } 
5 1.5 31826. 96 3141. O8O 3141. 106 | [—1 | 
2 31670. 8 3156. 57 3156. 565 . [ O } | 
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)—lab. | 
A | 


+ 0. 007) 


+ Q. 005 
+0. O10 


+ 0. 055 


+ 0. 022 


+0. 005 
+0. O16 


+0. O19 


+0. 022 
+Q. O11 
+ Q. 035 
+ 0. 026 


sun 
Solar identification 
CH 
CH 
CH—CH 
Fe 1—CH 


0. O10 | 
0. 012 


N, 022s) 
Vv. 024 


CH 

CH? 

CH 
CH OH 
Ru wm CH 


CH 


0. 006 | 
0. 039 
0.015 | 


0. 021 


013 Vii? 
CH 
CH 
Y u— 
CH OH 


0. 003 


0. 006 


+Q. 013 
+0. 013 


0. 023 Fe 1—CH 

CH 

0. OO4 CH 

CH OH 
Fe 

Tin Fer 


0. OOO 
0. 013 
0. 022 
Cru 


+ (. 020 XY i1 


Fe 1 


Sun 


lab Solar identification 


+ 0. 027 
+0. 036 
+0. O17 


OH CH Cri 
Cru 
Vu 

OH CH 


0. O47 
0. 0038 


OH 
Cri 
CH OH—OH 
Sem OH 
OH 


0. O10 
0. O09 
0. 002 
0. 039 
0. 0O4 Vou 


OH Cru 
Vi 


CH? 
0. O1 CH 


Notes 


Notes 


M 
M 
M 
M 
M 


M 
M 

B 
M 
M 


M 
M 


Pp 
B 


TABLE 11. CH in the Solar Spectrum 





C 2>+—X 211 (1,1)—Continued 


























Laboratory Sun 
P Q R Intensity Wave number Wavelength Wavelength | Diskint. | ©—lab. Solar identification Notes 
em~! | A A Rowl. est. | A 
| 

3 | 31670.2 | 3156. 63 | | A 

{ 2 | 31669.0 | 3156.75 3156. 727 | [—1 }| —0. 02 CH I 

5 | D. | 31667.2 | 3156.93 3156. 916 | [ 0 ] —0.01 | —CH B 

6 6 | 31665. 2 3157. 13 3157. 143 | [ 1 || +001 | |OH—Fe 1p M 

7 | 3 | 31663. 0 3157. 35 | | A 

| 

8 | 4 31660.1 | 3157. 64 3157.634 | [-1 ]| —001 CH | P 

i) 4 | 31658. 8 3157. 77 3157. 751 0 1| —0. 02 CH OH? B 

10 | (CH) | 381652. 9* 3158. 36 3158. 351 | 0 }| —0.01 Fe 1p— M 

11 6 31648.4 | 3158. 80 3158. 783 | 1 }} —0. 02 Co1 CH B 

12 6 31643. 3 3159. 31 3159. 349 0 ]| +0. 04 Fe up?—V u? | M 

13 6 31637.2 | 3159. 92 3159. 935 | ON ]| +0.02 CH— | B 

14 5 31630.3 | 3160. 61 3160. 612 —] | | 0. 00 Cri CH | B 

15 (CH) 31622. 2* 3161. 42 3161. 423 | 0 0. 00 | M 

16 6 31612. 9 3162. 35 3162. 353 1 0. 00 Fe 1 CH | B 

17 4 | 31602. 1 3163. 43 3163. 423 2 -~0. 01 Nbu—CH | B 

18 | 31589. 5 3164. 69 3164. 685 1 —0. 01 Mni—CH | B 

19 3 31575. 1 3166. 14 3166. 130 0 —0. 01 CH | Pp 

20 3 31558. 4 3167. 81 3167. 790 1 —0. 02 Fe 1—CH | B 

21 (CH) 31540. 6 3169. 60 3169. 616 > [ 0 , +0. 02 OH | M 

6 2 31503. 07 3173. 376 3173.408 | [ 1 1} +0, 032 | Fe 1 | M 
7 2 31473. 45 3176. 362 3176. 351 | [ 1 }) —0.011 Fe 1 | M 
8 2 31444. 83 3179. 253 A 
9 3 31417. 00 3182. 070 3182.061 | [ 1 —0. 009 Fe r—CH B 
10 (CH) 31385. 15 3185. 299 SI856327 | [ 2 + 0, 028 Fe 11 | M 
11 4 31355. 47 3188. 314 3188. 335 [ 0 LQ. 021 CH | £ 
12 t 31325. 15 3191. 400 3191. 414 | [ 0 ] LQ. 014 | Fe 1p CH B 
13 4 31294. 43 3194. 533 3194. 524 | [—1 | —0. 009 | CH P 
14 (CH) 31263. 55* 3197. 689 3197.710 | [ IN +0. 021 | CH | M 
15 3 31231. 66 3200. 954 3200. 962 [ 1 | +0. 008 | OH M 
16 2.5 31199. 10 3204. 295 3204. 284 | [ 2Nd? | —0. O11 | M 
17 2 31165. 79 3207. 720 3207.711 [ 0 ] —0. 009 | Fe 1 | M 
i8 1.5 31131. 80 3211. 222 3211. 209 [—1 | —0. 013 | CH? ae 
19 l 31096. 37 3214. 881 3214. 864 [—2 ] —0. 017 | CH? | Pp 
20 31059. 68 3218. 678 3218.684 [—1 | 0. 006 | Cri | M 
21 31021. 21 3222. 670 A 

*Blend. 
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Infrared Studies in the 1- to 15-Micron Region to 30,000 
Atmospheres 


C. E. Weir, E. R. Lippincott ', A. Van Valkenburg, and E. N. Bunting 


(February 18, 1959) 


A pressure cell was constructed using a pair of type II diamonds for study of infrared 


spectra of solids in the 1- to 15-micron region. 
spectra can be studied routinely to calculated pressures as high as 30,000 atmospheres. 
der pressure, bands generally shift to higher frequencies and decrease in intensity. 
magnitude of both changes depends on the mode of vibration. 
In calcite the carbon-oxygen symmetric stretching, mode »,, becomes 
active at elevated pressures while the doubly degenerate v3, stretching, and »,, bending, fre- 
From the shift in frequency of »; with pressure the “compressibility 
O bond length, R, is calculated to be 2.8 10-7/atmosphere. 
Major spectral changes are not observed in the same pressure ranges in other carbonates 


in spectra occur. 


quencies split. 
[(—1/R.)(dR/dp)], of the C- 


having the calcite or aragonite structures. 


TI 


Using commercial infrared equipment, 
Un- 
The 


Occasionally major changes 


” 


1e results for calcite may be explained by a 


shift of the COZ ion from the trigonal axis under pressure. 


1. Introduction 


In recent vears the short range interatomic forces 
and perturbing effects of neighboring atoms on each 
other have become of increasing interest. The per- 
turbation is a function of the interatomic distance 
and any serious study of this effect in condensed sys- 
tems requires measurements involving systematic 
changes in the spacings. Two parameters are imme- 
diately available for systematically varying the inter- 
atomic distances in a given structure—pressure and 
temperature. The variation produced by tempera- 
ture changes is limited by the expansivity of the 
material and for solids cannot exceed the limits im- 
posed by the melting point and the absolute zero of 
temperature. For some purposes wide changes in 
temperature are undesirable because of the con- 
comitant change in the thermal (kT) energy in- 
volved. Limited studies of such nature have been 
made [1]. The effect produced by changes in 
pressure is of considerably more interest since rela- 
tively large changes in spacing may be produced with 
moderate pressures, i.e., 50,000 atm, with no accom- 
panving change in the kT energy. Drickamer and 
his coworkers [2,3,4] have studied such effects by the 
infrared absorption method to pressures of 12,000 
atm, but with a 0.2u to 4u spectral range imposed by 
the cutoff of the sapphire windows used in their 
apparatus. The frequencies for many important 
modes of vibration are not found in this spectral 
region and the present investigation was undertaken 
to extend the region studied farther into the infrared 
and if possible to higher pressures. 





'Department of Chemistry, University of Maryland, College Park, Md. 
2 Figures in brackets indicate the literature references at the end of this paper. 
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2. Apparatus 
2.1. Pressure Cells 


For infrared studies at high pressures the window 
is of prime importance. For transmission purposes 
the alkali halides are ideal but they are mechanically 
weak and not generally suited for pressure work. It 
is noted that Drickamer [5,6] has evolved an in- 
genious bomb design, using an alkali halide simul- 
taneously as the pressure medium and the window, 
which is useful to pressures as high as 200,000 atm, 
but so far he has restricted his studies to the higher 
frequencies. An alternative material is available 
which combines high strength with excellent trans- 
mission, i.e., diamond. 

Natural diamonds may be classified into two main 
categories known as types I and II. Type I dia- 
monds comprise at least 98 percent of all diamonds 
and are not particularly useful for windows since 
they contain strong absorption bands in the infrared. 
Type II diamonds, however, are relatively trans- 
parent with the exception of a strong absorption 
band near 5u. In practice many subclassifications 
of both types are recognized [7] which show differ- 
ences in absorption, but very transparent type IT 
diamonds are available which may be used between 
lu to 4u and 5.54 to 15u as infrared windows. The 
explanation for the differences between the absorp- 
tion properties of the diamonds is not known [7]. 
Figure 1 shows typical transmission curves for a 
type I diamond and for a type II diamond used as a 
pressure cell. In connection with figure 1, the path 
length in the diamond is of the order of 4 in. Thin- 
ner diamonds might be quite useful even near the 
region of the 5u-absorption band. 


























TRANSMISSIC 














| | l ! i } } L } | | 
z 4 g 2 E 
Figure 1. Infrared transmission spectra for typical type I (above) and type IT (below) diamonds. 


In order to attain maximum pressures with simple 
equipment the “‘squeezer’”’ design developed by 
Bridgman [8] was used. In this device a uniaxial 
force is applied to a specimen contained between 
two flat surfaces. The apparatus used is shown in 
figure 2. Two gem-cut type II diamonds, each 
weighing 0.036 g, comprise the squeezer anvils. 
The culets of each diamond were ground off to form 
small flats parallel to the tables. The specimen is 
placed between these small flats which have an area 
of approximately 0.0002 in.2 Each diamond, A, is 
seated on its tabular face which rests in a close- 
fitting recess in a stainless-steel piston, B. Each 
piston is drilled longitudinally with a hole 0.060 to 
0.075 in. and is bored out with a tapering hole which 
extends to within jz in. of the diamond. This taper 
is designed to permit acceptance of the maximum 
flux from a convergent cone of radiation which passes 
through both pistons, the diamonds, and the speci- 
men contained between the diamond surfaces. The 
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specimen. itself is located at the focus of this beam. 

The pistons are free to slide in a dural bearing, C, 
that screws into a large block of steel carrying the 
pressure generating equipment. The — threaded 
mount is used to permit ready interchange of bear- 
ings when desired. One piston rests against a thrust 
bearing, D, which also screws into the steel block. 
At the other end a presser plate, E, bears against the 
other piston. The presser plate is connected to a 
lever that is pivoted in the block, and actuated by a 
calibrated spring, F, which bears against the upper 
end of the lever. The presser plate is bored out to 
permit entrance of the convergent cone into the 
piston. In operation the position of the pistons 
may be varied by moving the thrust plate so that the 
presser plate is perpendicular to the axis through 
the diamonds. This positioning ensures the ab- 
sence of components of force at right angles to the 
thrust axis. The spring is compressed by means of 
a manually operated screw, G, having 20 threads/in. 
In the present device the lever arms are of equal 















































\" 


Figure 2. Schematic diagram of diamond ‘“‘squeezer”’ for 
infrared transmission studies to 30,000 atm. 


length, but inasmuch as there is negligible motion of 
the pistons, the lever arms may be varied to pro- 
duce different pressure ranges using the same spring. 
The whole unit is designed to be mounted in a 
commercial infrared-beam condensing unit, and the 
cell is only 1 in. in length to fit into the highly 
restricted focal area of the lens system. 

The load is determined by measuring the com- 
pression of the spring. The pressures are calculated 
values obtained by dividing the load by the area of 
the smaller of the two diamond faces, neglecting 
frictional forces. No greater precision is required 
at the present time. Experiments have shown that 
the thrust transmitted by the specimen may be 
measured by determining the resistance of a small 
coil of manganin wire placed under thrust plate D, 
if greater precision is desired. 

The diamond-bearing surfaces are irregular oc- 
tagons. The lengths of each side and the external 
angles were measured using a micrometer eyepiece 
on a rotating stage microscope. The data were laid 
out on cross section paper and the areas of the 
bearing surfaces determined by counting the squares. 
Two cells have been used with the smaller dia- 
monds having measured areas of 0.000156 in.? and 
0.000182 in.? 
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2.2. Diamond Grinding 


The diamonds were ground using a porous cast- 
iron lap charged with 5u diamond dust. <A 0.5-in.- 
diam shaft was mounted parallel to but eccentric 
to the axis of the lap. The diamonds were mounted 
on the face of bronze-bearing stock which was 
machined to permit free rotation on this shaft with 
no apparent wobble. Diamonds were ground in 
pairs and were soldered to the smooth face of the 
bearing stock in diammetrically-opposed positions. 
In mounting, the diamonds were seated on their 
tabular faces and weighted down with a piece of 
metal placed on the culet. <A close-fitting, sleeve 
on the outside of the bearing together with a plug in 
the bore of the bearing served to produce a cup 
surrounding the diamonds. The bearing was heated 
and the cup filled with soft solder to firmly embed 
the diamonds. Removal of the sleeve and plug and 
filing off the excess solder completed the preparation 
for grinding. The grinding operation required about 
2 hr and produced a highly polished flat surface 
parallel to the tabular seat. During grinding the 
diamonds rotated against the lap, and the bearing 
was loaded with additional weight as soon as the 
sharp culets were ground off. To utilize the massive 
support principle and to minimize alinement prob- 
lems, the two opposing diamond faces were purposely 
made of different areas. 


2.3. Infrared Equipment 


A commercial double-beam infrared spectrometer 
equipped with a beam-condensing unit was used to 
cover the range lu to 1l6yu. The focussing device 
produced an image of the slit 1.5-mm wide and 
l-em long. Since the aperture of the hole at the 
base of the diamond was approximately 2mm in 
diameter, essentially the full width of the beam was 
used but only a small portion of its length was 
accepted by the cell. The loss in available energy 
necessitated restriction of the reference beam to 
permit utilization of the full scale of the instrument. 
This adjustment was accomplished with a sheet 
of aluminum perforated with a number of holes, the 
number of holes being adjusted to give 100-percent 
transmission in regions of minimum absorption. 
The small amount of energy available necessitated 
slow scanning. In all experiments the scanning 
rate was fixed at 0.5y4/min. 


3. Experimental Method 


The substance to be studied was generaily ground 
to a fine powder. The piston with the smaller dia- 
mond (the entrance pupil) was inserted in the bearing 
and a small quantity of powder was placed on the 
surface with a small spatula. The other piston was 
inserted and the thrust plate screwed in place. The 
pressure was raised to a few thousand atmospheres 
to produce a clear film between the diamond faces. 
The unit was then placed in the focal point of the 
lens system and its position adjusted in the beam to 
produce a maximum transmission in a spectral region 








containing no strong bands. The pressure was then 
reduced to a low value (ca. 3,000 atm) and the 
spectrum scanned completely. The pressure was 
raised to a higher value and the process repeated 
until the maximum pressure was reached. An 
arbitrary maximum calculated pressure of 31,000 
atm was set in these experiments because preliminary 
studies indicated possible incipient failure of the 
diamonds at about this pressure. The pressure cell 
can be set up on the microscope stage, and the 
diamonds and the specimen may be observed at all 
pressures at low magnifications. Slight modification 
of the cell or use of long focal-length objec tives would 
permit higher magnific ration. Frequent microscopic 
examinations were made to examine the diamonds 
and the uniformity of the film of material on the 
diamond surfaces. 

To study strong absorption bands in detail some 
materials were diluted with KB: or LiF. Dilutions 
were generally made by grinding the components 
either in 1 to 1 or 2 to 1 provortions and proceeding 
as before. It was found that KBr extruded rapidly 
under pressure and was not satisfactory. Lithium 
fluoride was a very satisfactory medium with little 
or no extrusion, but in dilute mixtures evidence of 
interaction with the dispersed substance has been 
observed in some instances. With LiF the complete 
range may not be studied as this material absorbs 
strongly above 14.5 


3.1. Pressure 


Some consideration of the hydrostaticity of the 
pressure on the specimen is necessary but only a 
qualitative discussion is possible at this time. In 
similar squeezers using Carboloy, the anvils become 
concave on continued use and eventually confine 
the specimen in an enclosed capsule. Under these 
circumstances one may be tempted to consider the 
specimen as subjected to reasonably hydrostatic 
pressure. Even under these circumstances, however, 
there is considerable question as to the hydrostaticity 
of the pressure [9,10]. In the diamond squeezer no 
plastic deformation of the surfaces has been observed, 
and there is considerably more uncertainty of the 
hydrostaticity of the stress on the specimen. Marked 
lateral-extrusion tendencies, observed as changes in 
intensities, have been noted in some specimens. 
With diluents the pressure on the specimen is more 
apt to be considered hydrostatic, but completely 
concordant data are obtained with or without dilu- 
ents. On the other hand, no transition reported 
under hydrostatic pressure has been identified.’ 
However, transitions involving small displacements 
of ions are not expected to produce major changes 
in the infrared pattern in the frequency range 
studied here. The frequencies of internal modes 
observed in this region will not be primarily affected 
and the wavelength is too long to expect much 
scattering loss from interfaces of small crystals. 
Alleffects observed appear to be reasonably reversible. 


3 Possible transitions have subsequently been observed in NaNO2 and CeHs 


COOH. 


58 


Therefore, although the uncertainties are fully 
recognized, the stress applied to the specimen will be 
considered to be a pressure and no further discussion 
of its hydrostaticity will be made here. 


4. Discussion of Some Initial Results 


The infrared spectrum of a given substance may 
show a number of changes on application of pressure. 
These include red or blue shifts of frequencies from 
their positions at 1 atm, the occurrence of new bands, 
the splitting of degenerate bands arising either from a 
change in selection rules or from an enhanced inter- 
action of the lattice modes with the internal molecular 
modes, and changes in apparent absorbance resulting 
either from a broadening of the band under pressure 
or from a change in absorptivity of the band. 
Numerous examples of the effect of pressure on the 
positions of infrared bands below 5 yu have been given 
by Drickamer and his coworkers [2,3,4]. We will 
illustrate a number of the changes with pressure 
in the spectra of CaCO, (calcite and aragonite). 


4.1. Calcite 


Calcite, CaCO, has been the subject of a number 
of infrared studies [1,11,12,13,14,15,16]. Today its 
vibrational spectrum is considered to be rather well 
understood both in terms of frequency assignment 
and in the effects of the crystal symmetry 
[1,11,12,13,14]. The main features of the spectrum 
are summarized and will be discussed in terms of 
the correlation diagram shown in table 1 [1]. 

The free carbonate ion, COF, has Ds, space 
svmmetry with four internal frequencies  corre- 
sponding to a symmetric stretching, »;; an out of 
plane bending, ».; a doubly degenerate stretching, 
vz; and a doubly degenerate bending, y;. For D,, 
symmetry the infrared active species are A‘’y and 
].3 


TABLE Infrared correlation diagram for calcite 


Molecular 
symmetry 
and species 


Factor symmetry 
and species 


Site symmetry 
and species 


Lattice > 
frequency 


Internal 
frequency 


Ds, D; Dba 
Vv) A; Aig 
Ay 
AS Atu 
R,z A» Arg, 
i acne 
De A, T., R.z Aou 7 
F T..4 E’ E, 
ie E- 
3, 4 R:, I I (T., Ty) (Rez, Ry) Batts, 7 
CO 3 Internal frequencies 
vy; 1,087 em-!—symmetric stretching 
v2 879 cm~!—out-of-plane bending 
i 1,432 cm-!—asymmetrie stretching, doubly degenerate 
i 714 em~!—planar bending, doubly degenerate 


a See reference [1]. : 
» R and T represent lattice frequencies of rotational or translational origin. 


TRANSMISSION ,% 


Mw 
oN 


TRAN 


¥ 


TRANSMISSION , 


Lh 


WAVE NUMBER ,cm- 
500 1400 1300 1200 00 1000 900 800 700 








i | q i q q q | 1 























l , | ! i l | l l 
6 7 8 9 10 i 12 13 14 15 
WAVELENGTH, ji 
WAVE NUMBER ,cm- 
500 400 300 1200 100 000 900 800 700 
é T ! ] qT U q qT q 














o 


o 


b 
°o 





l | = | | | 1 l 
6 7 8 9 O 2 3 14 15 
WAVELENGTH , 42 
WAVE NUMBER ,Cm- 
500 400 1300 1200 100 1000 900 800 700 
| | ad | i | q 








| ! | | | it J ! 





Fiaures 3, 4, 5. 


6 7 8 9 10 i 12 
WAVELENGTH , jz 


Infrared]transmission spectra for calcite at various pressures. 


Top, 3,000 atm; center, 18,000 atm; bottom, 31,000 atm. 


59 











WAVE NUMBER , CIT 
500 1400 300 1200 1500 1400 300 1200 500 1400 300 200 1500 1400 -~=—1300 1200 
00 T T T T T T T T T T T T "" T T a i 
3000 atm 31000 atm 3000 atm 


% 





TRANSMISSION , 














WAVELENGTH 


FIGURE 6. 


E’, while for the site symmetry Ds, the infrared 
active species are A, and E. Thus, three of the 
four internal frequencies of CO; should be observed 
while the symmetric stretching frequency, »,, should 
remain inactive. However, degenerate lattice fre- 
quencies of translational or rotational origin may 
interact with the degenerate fundamental internal 
frequencies to produce a splitting or doubling [12, 
13]. It has been reported that splitting has been 
observed in single crystals of calcite [12], but it is 
usually not found in pellet or mull spectra of calcite 
17,18]. 

The spectra of calcite at various pressures are 
shown in figures 3, 4, 5, and 6. One effect of pressure 
on the vibrational spectrum is observed to be an 
enhancement of the splitting of the degenerate 
fundamentals. In figure 6 the »,; fundamental at 
1,463 em™? at 3,000 atm is split into two components 
under a pressure of 31,000 atm which are separated 
by 103 em7'. This splitting is reversible and dis- 
appears when the pressure is lowered. The splitting 
of vy, is less apparent but we have tentatively assigned 
the new band appearing at 748 cm™ in figures 4 and 
5 at high pressure as one component of the split », 
band. This process is also reversible and the 748 
em”! band disappears as the pressure is lowered. 
The »v. mode at 883 em™! is not degenerate and shows 
no tendency toward splitting. 

Evidence that the COF ion sites may be deviating 
from D3; symmetry is furnished by the appearance 
at 1097 em of the forbidden symmetric stretching 
frequency, »;, at elevated pressures. This band 
shows a marked increase in intensity as the pressure 
rises, Which is interpreted as a gradual relaxation 
of selection rules arising from either a change in 
symmetry or an increased perturbation of the in- 
ternal frequencies by the more intense crystal field. 
The increased intensity of »,; could be due to a change 
of phase but we have been unable to detect evidence 
in the infrared spectrum of a definite phase change 
from the characteristics of the spectrum. 


Detailed study of 1,463 em 
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1 hand of calcite using LiF diluent. 


With increasing pressure there is a definite blue 
shift of »; and a similar blue shift of the center of 
gravity of the two components of the degenerate 
stretching frequency v3. The out-of-plane bending 
frequency v, does not shift significantly. The 
shifts of y; and vz are plotted as a function of pressure 
in figure 7. 
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FiGuRE 7. Shift of center of gravity of v, and v3 bands of 


calcite with pressure. 


The shift of the stretching frequencies can be 
interpreted as the result of a decrease in the C—O 
bond distance in the COZ ion under pressure. To 
calculate the change of bond length, use is made of 
the internuclear potential function [19, 20]. 

(1) 


9 
o naR ies # 


V=D,{\ 


where 


D),=bond dissociation energy, 
R,—equilibrium bond length, 


AR=R—R,=change in bond length from the 
equilibrium value, 
n=K.R,/D,, and 
K,=bond stretching force constant. 


This potential function has been found useful in 
predicting and correlating bond properties in both 
polyatomic and diatomic molecules. The change in 
bond lengths may be calculated by using eq (1) to 
calculate @V/dR and d?V/dR? followed by substitu- 
tion of the known C—O distance and the observed 


y, frequeney shift. 
nAR7/2R PAR AR? 


and higher orders of 


aviar— ene 


(2) 


and, neglecting terms in AR? 


AR, 
Ty 9 dD, n 2 4AR m 
k: d?\ /d R? = 2 E i= PR? | (5) 
k—k, —24R , Ak 2AR ; 
Toe oe 3 ee Bais ws : (4 
k }? K ic R ) 
and since Rk, =P 
Ak 2Ap 7 
a (5) 
k v 
or 
AR Av (6) 
7 =__ = . ) 
R v 


The calculated change in bond length is plotted 
against pressure in figure 8. From figure 8 it will be 
noted that the C-——O bond is rather incompressible 
However, the value 


since —AR/R is quite small. 
of [(—1/R)(AR/AP)| calculated, assuming linearity 
at low pressures, is found to be 2.8% 1077/atm. 


This figure is of quite reasonable order of magnitude 


and essentially the same as the compressibility of 


calcite perpendicular to the trigonal axis reported by 
Bridgman [21]. 

Another effect of pressure on the fundamental 
spectrum of calcite is a noticeable change in apparent 
absorbance, with most bands appearing weaker at 
high pressures. This effect appears quite general 
and has been observed on most substances studied 
to date. The exceptions usually are cases where 
forbidden frequencies are appearing because of a 


change of selection rules arising from the effect of 


pressure on the crystal field as in the case of the 
symmetric stretching frequency of the CO3 ion. 
In order to measure intensity changes quantitatively, 
considerable care must be exercised because of the 
tendency of specimens to extrude under pressure. 
A consistent set of measurements involves subjecting 
specimens to several pressure cycles to obtain con- 
cordant values of J/Z, which are free from errors due 
to extrusion. It has been found that the best results 
are obtained by systematic studies of a single band 
rather than of the complete spectrum. In figures 
9 and 10 are plotted such measurements of the 
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transmittance, J/J,, against pressure for the v3 and 
vy, bands of calcite. The change with pressure may 
be due in part to a broadening of the band with 
increasing pressure as well as to a change in absolute 
intensity of the band. The data are not sufficiently 
precise to show much more than qualitative behavior. 
The discontinuity of slope shown in figure 10 is real 
and is associated with splitting of the », band. 
There are insufficient data to define clearly the shape 
of the curve, but the trend to a decreased intensity 
with increased pressure is apparent. 


4.2. Other Carbonates 


Aragonite has a crystal symmetry corresponding 
to the space group V}° with four molecules per unit 
cell. Calcium ions are located on sites of symmetry 
(’, and carbonate ions on sites of symmetry (©, [13]. 
Six internal frequencies of CO; are now permitted 
in the infrared, two additional frequencies being 
derived from the v3; stretching and », bending modes 
respectively through the removal of degeneracy 
and one from the », mode that is now active. Po- 
tassium bromide pellet spectra of aragonite at 1 atm 
show that », is split by 13 em but no detectable 
splitting of »; is observed. Failure to observe the 
splitting of v; may be due to the broadness and high 
intensity of this band. 

Spectral data at elevated pressures have also been 
obtained on carbonates having both the calcite 
and aragonite structures. In none of these is an 
additional resolved splitting noted at elevated pres- 
sures over that observed at 1 atm, although with 
magnesite (MgCO, which has the calcite structure) 
there is some indication that splitting of the vr, 
band may be occurring at the maximum pressures. 
The »; band does not appear in magnesite, however. 
In aragonite the », band is observed as predicted 
by the selection rules but it does appear to change 
appreciably in intensity as the pressure increases. 
There is also no observed splitting of v; under pres- 
sure. The shifts of bands with pressure are of ap- 
proximately the same magnitude as with calcite. 

A complete explanation of the observations must 
await studies at somewhat higher pressures. It 
would appear that if the CO; of calcite were dis- 
placed from the trigonal axis under pressure, the 
vy, band would appear and both »; and », would split. 
A similar effect might not occur at comparable 
pressures in magnesite since it is expected to be less 
compressible. We have no ready explanation for 
the fact that the »; band of aragonite shows no 
evidence of splitting. 
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Additional studies have been made on many other 
compounds both organic and inorganic with results 
generally similar to those reported here. These 
data will be compiled and reported in the future. 


The authors are indebted to C. D. Smithson of the 
General Services Administration who obtained the 
diamonds for the National Bureau of Standards. 
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Phosphinoborine Compounds: Mass Spectra and Pyrolysis* 
Leo A. Wall, Sidney Straus, Roland E. Florin, Fred L. Mohler, and Paul Bradt 


( Mareh 12, 1959 ) 


The mass spectra of tetramethylphosphinoborine trimer, [P(CH,).B(CHs).}; (2) and a 
a compound, P;(CHs)gB;Ho, (11) prepared from dimethylphosphinoborine were observed, 


and the compounds were pyrolyzed at 800 to 500° C. 
and P——-C cleavages. 


came from the P-—-B, B--C, 


Most peaks in the speetrum of (1) 
The mass spectrum of (IT) was much 


more complicated with evidence for methyl group redistribution. 
rhe pyrolysis of both compounds indicates a very complicated mechanism with many 


unidentifiable compounds. 


compounds are completely decomposed in 4 hr at 
methylboron, which disappears rapidly above 400° C, 


or elemental phosphorus. 


1. Introduction 


The results of mass spectrometric and pyrolytic 
studies on the trimer of dimethylphosphinoborine 
have previously been reported.' In this” present 
article results on two related compounds? are 
presented. They are a trimer of tetramethyl- 
phosphinoborine (I) and a pentameric form of 
dimethylphosphinoborine (IT),° which has lost a 
molecule of methane. 


(CIHIy)2 (CH). (CH) 
P Pp tl rE 
(CTHy)oB B(C Ha) H.B B BIT, 
(CH 3)2P P(CIIs)2 (CTHy)oP P P(CHs3)2 
B B B 
(CHI3)2 Hp CHI; Hy 
(1) (IT) 


Their structures are believed to be composed of 
eyelic six-membered rings as shown. 


2. Mass Spectra 


The phosphinoborine compounds were not volatile 
enough to be run in the gas-analysis instrument, and 
the mass spectra were obtained in a 60° “Nier”’ 
instrument with the sample evaporated directly into 
the ionization chamber. This technique has been 
described in other papers.' 

The sample was held in a small tube furnace. The 
trimer (1) attained a temperature of about 54° C 
due to heat from the mass spectrometer filament 
and evaporated copiously without external heating. 
The ion current for the most abundant ion at mass 
143 in terms of the most sensitive scale was 42,800 


scale divisions at 50 volts ionizing voltage and 
35,000 scale divisions at 20 volts. The sample 


became exhausted before measurements with 15 volts 
ionizing voltage were completed. 





‘This work was performed as part of a research project sponsored by 
the Office of Naval Research, Department of the Navy, Washington 25, D.C. 
R. E. Florin, L. A. Wall, F. L. Mohler, and E. Quinn. J. Am, Chem. Soe: 
76, 3344 (1954). 
2 The authors wish to thank Dr. R. I. Wagner of the American Potash Co. for 
kindly supplying the samples used in this work. 
A.B. Burg and R. IT. Wagner, J. Am. Chem. Soc. 74, 3872 (1953). 
‘Paul Bradt and Fred L. Mohler, J. Research N BS 55, 323 (1955) 
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Trends in the formation of volatile products indicate that both 


459° C. Compound (1) produces tri- 
Neither (1) nor (11) formed ethane 


The compound (11), at 54° C and 50 volts ionizing 
voltage, gave an ion current of 123 divisions at mass 
340; with 20 volts and a slightly higher temperature 
the current was 184 divisions; and with 15 volts and 
slightly increased temperature the current was 1,176 
divisions. 

Table 1 gives results for the trimer (1). The mass 
spectrum is complicated by the isotopic structure of 


TABLE 1. Monoisotopic spectrum of BZ (CH3)6P3(CHs)«6 
m/e Ion 50 volts 20 volts 
4] B(CII,)2 30.5 1. 61 
i = =PC(CHs) . 96 . 52 
61 P(CHIs)2 . 55 | 
62 | PIT(CHs,)2 J85 . 57 
63) PHlo(CHs)2 00 05 
87 | BP(CHs)3 1.95 . 36 
102 | BP(CHs3). 2.7 47 
103 | BPHI(CHs)s 10.9 2. 02 
113 | BeP(CHs)s 1. 06 
129 | BePH(CHa,)5 5.3 2.44 
143 | BeP(CHs3)¢ 100 100 
159 | BeP2(CHs)s 1.07 ap | 
163 | BPo(CHs)¢ . 58 . 22 
189 | B2Po(CHs)7 16.4 4:7 
245 | B3P2(CHs3)10 27.6 59.3 
291 | B3P3(CH3)n 8.3 | 17.6 
306 | Bs P3(CHs3)12 .76 .49 


boron atoms as well as by the C™ isotope of carbon. 
The monoisotopic spectrum has been computed,® and 
the mass seale pertains to molecules containing B", 
Cand H. In the computation it is assumed that 
the abundance ratio of boron isotopes is B", 0.20; 
B'', 0.80. This is a relatively simple spectrum for a 
molecule containing 54 atoms. There is no appre- 
ciable dissociation of H atoms in the process of 
ionization. Because of this, one can see immediately 
from the isotopic structure the number of B atoms 
in each fragment ion. A number of small peaks of 
1 or 2 percent of the maximum peak are not ac- 
counted for, but all the larger peaks are explained by 
breaking of P--B, C-—B, and C—P bonds. 


5V. H. Dibeter, F. L., Mohler, L. Williamson, and R. M. Reese, J. Research 


NBS 438, 97 (1949) 








-_ ; test os 

The monoisotopic spectrum of compound (II) is 
very complicated. Inthe ionization process, hydro- 
gen atoms are readily removed and this conceals the 
isotope structure of the resulting ions. One can 
identify the more abundant light ions up to mass 
89 unambiguously, and by trial one can find molecu- 
lar formulas for the heavy tons that fit the data 
without negative residuals. In the intermediate 
mass range from 90 to 260 the molecular constitution 
of the ions has not been established, and this part of 
the mass spectrum is omitted from table 2. This 
spectrum is in marked contrast to that in table 1. 
The molecular ion is fairly abundant, and the break- 
ing of B--H, B--P, and P—C bonds oceurs in the 
ionization process. Tons heavier than 261 occur in 
nearly the same relative intensity at 20 volts as at 
50 volts, indicating that the appearance potentials 
for most of the ions fall in a narrow range of voltage 
and are far below 20 volts. 





TARLE 2. Monoisotopic mass spectrum of B;HoP;(CHz.)5 

m/e Ion 50 volts 20 volts 15 volts 
41 B(CII3)2 21.7 0.05 0.05 
61 | P(CHIs)2 | 4.6 45 .25 
75 | BH3P(CHs)2 | 17.5 
89 | BILP2(CHs) 14 

(8) (a) | (*) (*) ( 
261 | BslfsPs(CH) 9 14 
262 | BsHyPs(CH 51 { 5.4 | 1.95 
263 | BsHsP4(CH3)¢6 | 12.4 14.4 | 4.15 
264 | BslloPs(CH | 1.45 1. 21 0 
265 | Byll;Ps(CHs)6 3.0 | a2 9 1.05 

| 
273 | BsPs(CH3)7 5.15 | 8.0 1.10 
274 | BsHPs(CHs,)7 1.90 | 1.53 0.55 
275 | BsH2Ps(CHs)7 9, 25 | 9.10 3.0 
276 | BsH3Ps(CHsa)7 4.75 | 1.82 1. 65 
277 | Bully Ps(CHs)z | 14.3 14.9 | 75 
| 
278 | BsHsPs(CH32)7 | 5. 90 5.85 3.6 
279 | BsHePs(CHs3)7 | 7. 60 7.90 | 1.25 
287 | BsH3Ps(CHs3)7 | 6, 25 5. 90 20 
288 BsH4Ps(CH3)7 0.95 | 0.85 | 0 
289 | BsHsPs(CH | 19.9 20.0 | 11.9 
290 | BsH6Ps(CHs); 29:4 1.0 | 2.15 
291 | BsH;Ps(CH 9.2 | 11.0 | 7.5 
292 | BsHsPs(CH3)7 4.1 | 3. 56 | 3.9 
93 | BsHePs(CHs)7 | 5.5 | 5 5. 25 
322 | ByH3Ps(CH3)s | 1.76 | 1.35 |___ 
} | 
323 | BsHyPs(CHs)s 2. 54 | 2.07 | 2.3 
324 | BsHsPs(CHs)s | 36.6 | 35.1 | 39.0 
325 | BsHePs(CHs3)s | 19.0 16, 2 | 18.0) 
326 | BsH7P5(CHs)s 7.7 g.5. | 9.4 
327 | BsHsP3(CH3)s 2. 62 1.67 | 1.85 
334 | ByPs(CHs)s | 1 08 | aia 0.90 
335 | BsH Ps(CHs)9 4.90 | 4.50 | 2.45 
336 ee CH3)s 3. 30 | 2.43 | 20) 
337 34H2P5(CH3)¢9 3.84 | 3.96 1.40 
338 | ByHsP;(CH | 19.4 | 19.4 | 19.5 
340 | BsHePs(CH a), | 100 100 100 
347 | BsH2P5(CHs)9 | 2.72 2. 34 | 1.70 
348 35113P5(CH | 2. 48 0 95 | 2.15 
349 | BsHyPs(CH 4.15 2.48 1.50 
350 351HI5P5(CHs3)9 17.9 16.6 KH). 5 
351 | BsHePs(CH3)9 4.1 1.80 3.35 
352 | BsH7Ps(CH3)9 87 84.1 105 
353 BsHsP3(CH 3.84 2.48 3.05 
354 | BslloPs(CH 26.4 18.0 13.9 
} 
*\ass range 90 to 260 omitted. Ions have not been identified. 
rT ° 
There is some resemblance between the mass 


spectra of compound (IT) and the trimer (see foot- 
note 1) of dimethylphosphinoborine although rela- 
tive intensities are quite different. The trimer (1) 
studied in this work gives a very different type of 
spectrum. The molecule ion is much less abundant 
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in this case and there is no tendency to lose H atoms 
in the ionization process. Evidently loss of H atoms 
comes predominantly from B-H_ bonds, and the 
chemical formulas of the ions in table 2 support this. 
Compound (11) can lose 9 H atoms and no more. 


3. Pyrolysis 


Since the total quantity of each compound avail- 
able for study was only of the order of 0.1 g, and 
since it was desired to obtain some quantitative data 
on the thermal stability of these compounds, a 
technique was tried in which an inert rare gas, argon, 
was used as an internal standard. Into each of a 
series of 8-ml tubes was pipetted a given amount of 
an accurately known benzene solution of the com- 
pound to be studied. Before sealing the tubes on 
a vacuum manifold the, benzene solvent was evapor- 
ated. Each of the sample tubes thus contained 3.00 
mg of material. 

Generally eight of these tubes plus a gas-sample 
tube could be attached to a vacuum line manifold 
and evacuated overnight to better than 107? mm of 
He by means of an oil pump, an Hg diffusion pump, 
and a liquid nitrogen trap. For purification of the 
argon a silica-gel trap, also in this vacuum line, was 
first heated to about 280 to 290° C to eliminate any 
impurities that might be absorbed in the gel. The 
following day the heater was removed from the 
silica-gel trap and soon afterwards crushed dry ice 
was placed in a Dewar around the silica gel. 

An Hg manometer was used to read known volumes 
of argon gas introduced in the system. The argon 
gas was slowly passed through the cooled silica gel, 
anda predetermined amount of the gas was permitted 
to enter the ampoules containing the samples. The 
number of moles of argon introduced was approxi- 
mately 3 times the number of moles of material to 
undergo pyrolysis. At this point the 8 ampoules 
and the gas-sample tube were sealed off by means of 
an oxvgen flame at the 3-mm glass tube extensions 
from the manifold. 

Prior to pyrolysis the gas-sample tube was first 
analyzed in the mass spectrometer determining the 
purity of the argon gas. Then the weighed amounts 
of sample and known volumes of gas in the glass 
ampoules were pyrolyzed in a large copper furnace 
at temperatures maintained to within about +1° C. 
Pyrolysis experiments were made at various temper- 
atures for different periods of time, generally 2, 4, 8, 
and 24 hr. Mass spectra determinations of the vola- 
tile products were then made. Since each tube con- 
tained a known amount of argon, these mass spectro- 
metric analyses could be used to calculate the 
number of moles or grams of each of the volatile 
products. 


4. Results and Discussion 


The products obtained on pyrolysis were very 
complex mixtures, and only hydrogen, methane, and 
trimethyl boron were identified by mass spectrometer 
analysis. The trimethyl boron was obtained only 
in the breakdown of the completely methylated 


P-B compound. The results are shown in figures 
1 to 5. In all cases the quantitative yields of vola- 
tiles computed were based on the known pressure of 
argon gas present initially and the determined mole 
percent of argon as shown by mass spectrometry for 
each set of temperatures and times of pyrolysis. 
These samples also contained boron compounds with 
peaks up to mass 126 that could not be readily 
identified. These boron compounds accounted for 
approximately 5 percent of the total volatiles in the 
sample. 

In figure 1 trimethyl boron is shown as one of the 
initial products from compound (1) and is apparently 
produced readily at 300° and at 350° C. At higher 
temperatures the amount of trimethyl boron de- 
creases rapidly, indicating further breakdown. On 
the other hand, methane and hydrogen (see figures 
2 and 3) achieve maximum yields at 450° C. No 
elemental phosphorus was seen among the decomposi- 
tion products, in contrast to the previous work on 
the dimethylphosphinoborine trimer (see footnote 1). 

In figures 4 and 5 the methane and hydrogen from 
(11) are shown. Trimethyl boron was not produced. 
It is fairly clear from the structure that any produc- 
tion of trimethyl boron is unlikely because of the 
great amount of rearrangement which would be re- 
quired, Little or no ethane was found from the de- 
composition of either of the two phosphinoborine 
compounds studied. The second substance pro- 
duced greater amounts of methane and hydrogen 
than the all-methylated compound, which seems rea- 
sonable in view of the difference in structure and 
composition. 

If the maximum possible number of trimethyl 
boron molecules come from a decomposed. starting 
molecule, then at least 31 percent of the original 
material has decomposed after 24 hr at 850° C. 
The trends in the product formation however sug- 
vest that after 24 hr at 350° C little of either of the 
original phosphinoborine compounds remains. Sub- 
sequent heating presumably causes further decom- 
position of the products. It appears that roughly 
one molecule of trimethyl boron is produced from 
each molecule of starting material. The production 
of the trimethyl boron means that the ring structure 
is ruptured, 

The second compound was pyrolyzed at tempera- 
tures as high as 500° C with no indication of ele- 
mental phosphorus being present in the decomposi- 
tion products. Previous work (see footnote 1) on 
related compounds showed that phosphorus was 
produced at 500° C pyrolysis temperatures. The 
vield of methane and hydrogen, however, was high 
enough that a rather large degree of decomposition 
must have occurred. Although no identifiable com- 
pound was observed containing boron or phosphorus, 
some boron compounds were present in the volatile 
products, indicating again a rupture in the ring. 

The results indicate a very complicated mechanism 
of decomposition, with a great number of products, 
most of which are not very volatile and some of 
Which are not identifiable because of the lack of 
mass spectrometric data on organo boron-phosphorus 
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Methane production from the thermal decom posi- 
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Hydrogen production from the 
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Figure 4. Methane production from the thermal decom posi- 
tion of P;(CHs) B;Hy. 

compounds. [It seems apparent from the trends in 
the vields of the identified products that the original 
material in the case of both substances is exhausted 
ina matter of about 4 hr at 450° C. It is impos- 
sible at this time to distinguish any difference between 
the thermal stabilities of the two compounds. 

Using the initial slopes in the experiments, very 


rough estimates of the activation energies for 
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Figure 5. Hydrogen production from the thermal decom posi- 
tion of P5(CH3)oB;Hg. 

methane and hydrogen production were made. For 

compound (1) these were found, respectively, to be 

29 and 12 keal/mole, and for compound (II), 4 and 

7 keal/mole. 

It is worth noting that ethane was essentially 
absent among the pyrolysis products. This sug- 
gests that if methyl radicals were intermediate species 
for the formation of methane, they reacted very 
rapidly, as one might expect, to abstract hydrogen 
atoms from the compounds. On the other hand, 


molecular rearrangement) processes not involving 
free-radical intermediates may account for the 
results. 


Wasuinaton, D.C. (Paper 63A1-4). 
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Experimental and Theoretical Study of Kinetics of Bulk 
Crystallization in Poly(Chlorotrifluoroethylene) 
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The rate of isothermal bulk crystallization of poly (chlorotrifluoroethylene), 7,=221° C, 
was measured from 170° to 200° ©. The intrinsie bulk crystallization, which accurately 
followed an n= 2 law, was shown to be a result of the injection of primary nuclei sporadically 
in time, with one-dimensional growth of centers derived trom these nuclei. The erystal- 
lites are exceedingly small. The one-dimensional growth process was isolated by nucleating 
specimens with seed erystals, and its temperature-dependenece determined between 191° 
and 205° C. The seed erystal isotherms followed an n=1law. The temperature coefficients 
of the rate of nucleation and the rate of growth were both strongly negative. 

A theory of homogeneous nucleation that takes into account the segmental character 
of the polymer chains is developed in some detail. A eylindrical nucleus is assumed. In 
the temperature range near the melting point, region A, where the radius and length of the 
nucleus are unrestricted, the rate of nucleation is shown to be proportional to exp(— a/T8AT®?). 
The nucleation rate is proportional to exp(— 8/7T?°AT) in region B, which extends from some- 
what below the melting point to considerably lower temperatures; the length of the nucleus 
has a constant value Z) in this region, but the radius is unrestricted. (In the above expres- 
sions, a and 8 are constants). Finally, at sufficiently low temperatures, region C is entered. 
Under certain circumstances, the rate of nucleation in region C will be extremely rapid, 
and correspond to a “nucleative collapse’ of the supercooled liquid state. A caleulation of 
the one-dimensional growth rate shows that it is proportional to exp(—y/T?AT) where B= y. 

A eareful analysis of the experimental data obtained between 170° and 200° C clearly 
showed that both the rate of nueleation and the rate of growth were proportional to 
exp(—B/T?AT), and not exp(—a/T®AT?). The primary nucleation event was thus of type 
Bin this interval. A detailed analysis of the data is given, and surface free energies and the 
dimensions of the nuclei quoted. Quenching experiments, where the polymer was crystal- 


lized well below 170° C, gave a firm indication of the existence of region C. 
An experimental study was made of the extremely slow erystallization process that 


prevailed when the degree of erystallinity beeame high. 
tallization was interpreted as being the result of a massive degree of impingement. 


The onset of this stage of the erys- 
This 


interpretation is justified by the calculations of Lauritzen, who has given a theory of im- 
pingements that predicts a pseudoequilibrium degree of erystallinity. 
As indieated above, the growth process originating at homogeneous nuelei is not of a 


three-dimensional or spherulitie character in the region of study. 
as do appear in this region are shown to originate at heterogeneities. 
intrinsic growth process may become three-dimensional at 


sufficiently near 7, is discussed, 
1. Introduction 


Poly (chlorotrifluoroethylene) is a linear homo- 
polymer that possesses a strong tendency to crystal- 
lize when stored in the supercooled state. This paper 
is concerned with a detailed experimental and 
theoretical study of this phenomenon. Rate of 
crystallization studies were carried out on this 
polymer with three basic objectives in mind. In 
enumerating these objectives below, the opportunity 
is taken to touch briefly on the methods and reason- 
ing used to attain them. 

The first objective of the work was to determine 
the experimental conditions conducive to homo- 
geneous nucleation, and to investigate the geometry 
of crystal growth under these conditions. The basic 
aim here was the uncovering of intrinsic properties 
of the polymer, as opposed to those resulting from 
interaction of the polymer with foreign bodies. 

Overall (bulk) crystallization isotherms were 
obtained at various temperatures below the melting 
point by measuring the decrease of volume with 
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Such stray spherulites 
The possibility that the 
erystallization temperatures 


time for samples of polymer that had been initially 
superheated far above the melting point. As ex- 
pected from the work of Turnbull [1],’ the strong 
superheating greatly subdued the effect of embryos 
stabilized in pores or fissures in heterogeneities, and 
led to highly reproducible results. Inasmuch as the 
relationship between volume and degree of crystal- 
linity, x, is accurately known [2] for poly(chlorotri- 
fluoroethylene), the isotherms were expressed as 
plots of x versus log t, where ¢ was the time as 
measured from the inception of the experiment. In 
general, the free bulk growth rate may be repre- 
sented as x’ = Zt", where n is a number depending on 
the type of nucleation and the geometry of growth, 
and Z is a rate constant. It was determined by a 
straightforward analysis of the data that the 1so- 
therms obtained with strong superheating  cor- 
responded to x’=Z2t*, Le., to n=2. This suggested 
that the crystallization was a result of one-dimen- 
sional growth of primary nuclei that were born at 


| Figures in brackets indicate the literature references at the end of this paper. 








later and later dates. The alternative, and alto- 
gether less likely, explanation is that the crystalliza- 
tion was the result of two-dimensional growth of 
objects born at the same time. Any ambiguity in 
the result that the mode of growth was of aone- 
dimensional character was removed by carrying out 
a crystallization initiated by seed crystals arising 
from a previous run where the free bulk growth rate 
was described by n=2. It was determined that 
n=1 when the crystallization was initiated by such 
seed crystals. The only physically reasonable inter- 
pretation for a free bulk growth rate where n= 1 is 
that the crystallization was due to one-dimensional 
growth of objects born at the same time. These 
experiments made it clear that the isotherms for 
which the n=2 growth law was observed are in fact 
to be interpreted in terms of one-dimensional growth 
of objects born at later and later dates. The birth 
of objects at later and later dates may arise from 
either true homogeneous nucleation, or pseudo- 
homogeneous nucleation, the latter being a result of 
nearly sporadic initiation on flat surfaces on hetero- 
geneities (see below). 

The fact that it can be demonstrated that the 
primary nuclei are born at later and later dates does 
not in itself necessarily mean that the nucleation is of 
a truly homogeneous character. Homogeneous nu- 
cleation refers to that process where crystallization 
centers are spontaneously formed at random positions 
in the pure mother phase by thermal fluctuations. 
Such a process is characterized by a rate of produc- 
tion of nuclei per unit volume of mother phase that is 
truly constant in time, except perhaps for a very short 
induction —. However, a process of a rather 
similar character can take place on flat surfaces on 
any heterogene ities that may exist in the system. In 
this case, fluctuations near flat surfaces that are wet- 

table by the crystalline phase can cause nuclei to be 
born at a rate that decreases only rather slowly with 
time, so that the rate of injection may be very nearly 
constant. (This holds if the system has previously 
been superheated to a degree sufficient to melt out 
any embryos in fissures or pores in the heterogeneities 
that would otherwise act as centers of growth at 
t=0.) This type of nucleation, which is simply a 
special case of heterogeneous nuc ‘Jeation as discussed 
by Avrami [3], is for convenience termed pseudo- 
homogeneous in this paper. So long as the rate of 
production of nuclei does not fall off too rapidly due 
to depletion of the flat surfaces, the behavior of such a 
system will in many important respects be experi- 
mentally similar to that of one where the nucleation 
is truly homogeneous. The similarity in the expres- 
sions describing the rate of heterogeneous nucleation 
of flat surfaces and true homogeneous nucleation has 
been noted on a number of occasions (see, for ex- 
ample, the remarks of Holloman [4]. However, 
pseudohomogeneous nucleation will be energetically 
favored over the corresponding homogeneous process, 
and the energy parameters that describe the rate of 
injection of primary nuclei in the pseudohomogeneous 
process will generally be considerably smaller than 
those for the corresponding truly homogeneous mech- 
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anism. Thus, the attainment of highly reproduc ible 
isotherms through strong supe heating is in itself in- 
sufficient reason for the assumption that the sub- 
sequent nucleation homogeneous, but this. still 
does not detract from the fact that a study of a sys- 
tem exhibiting pseudohomogencous nucleation may 
provide certain information concerning the expecte d 
behavior of the corresponding homophase system 
with homogeneous initiation. If the number of heter- 
ogeneities is sufficiently small, or the flat surfaces 
only difficultly wettable by the crystalline phase, 
true homogeneous nucleation will tend to predomi- 
nate. Reasons will be given for believing that homo- 
geneous initiation was probably achieved for carefully 
selected and strongly superheated specimens of 
poly (chlorotrifluoroethylene), 

The second objective of the work involved an ex- 
perimental study of the shape of the isotherms, 
particularly at high x values. 

All of the isotherms could be quite accurately 
represented from very low up to moderately high x 

values by the useful phenomenological expression 

=X ,{ l—exp (— Zt"/x,,)] attributable to Mandelkern 
(5 a aa Mandelkern, Sain. and Flory [6]. In this 
region, x» and n were essentially constant, and the 
isotherms could therefore be superposed simply by 
rescaling the time. (The parameter x, is treated in 
this paper as a mean value of the apparent limiting 
degree of crystallinity in stage 1; note that y,, causes 
the crystallization to procee .d somewhat more slowly 
than the free bulk growth rate, 7.) However, at 
high x values, the isotherms rather abruptly entered 
a new regime where the degree of crystallinity 
changed extremely slowly with time, and where no 
constant value of n and x, could deseribe the sh: ape 
of a given isotherm. Moreover, the various  iso- 
therms could no longer be superposed by resealing 
the time. For convenience, the first part of an 
isotherm, where superposition holds, is called stage ik 
and the later portion where it fails is termed stage 2. 
The stage 2 process is the principal hindrance to the 
isothermal attainment of a high degree of crystal- 
linity in this polymer. A discussion is given con- 
cerning possible causes of the onset of stage 2. It is 
concluded that a high degree of impingement is the 
cause of this phenomenon. 

The third objective of the work was to give a 
theoretical account of the rate constants that control 
the rate of nucleation and growth in the stage 1 
portion of the crystallization. Special emphasis 
was attached to calculation of the temperature varia- 
tion of these quantities, and to the estimation of the 
size of the nuclei. 

In a system with primary nuclet being born at 
uniformly later and later dates and then growing in a 
one-dimensional manner, the overall (bulk) erystal- 
lization rate, as measure | by Z, in the expression for 
the free growth rate, x’= Zt’, is proportional to the 
rate of injection of nuclei J, the lineal growth rate 
of the rods G, and the area of the growing crystal 
face, a7. Experimental values of Z, were obtained 
at various temperatures by analysis of the 2 iso- 
therms. Information concerning the temperature 
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dependence of G was obtained by an analysis of the 
n—1 seed-crystal isotherms, since under appropriate 
circumstances the overall rate of crystallization of a 
specimen where the nuclei are seed crystals present 
at f=—0 depends directly on the lineal growth rate. 
With the temperature variation of Z, and G@ known 
experimentally, the temperature dependence of J 
was therefore determined also. Our task, then, was 
that of giving a theoretical discussion of Z,, J, and G. 

The rate of injection of nuclei is described generally 
in terms of a cylindrical primary nucleus of radius 7 
and length 4 where r and /may be either variable or 
constant. This nucleus is endowed with interfacial 
freeenergies ¢,and ¢, ontheside and endsrespectively, 
and a residual edge free energy, «. The residual 
edge free energy is shown to be unimportant in de- 
termining the rate of nucleation in the present case. 
In the theoretical treatment, the thermodynamic 
driving force, Af, is represented by a more accurate 
expression [7| than is commonly employed in similar 
calculations. The homogeneous nucleation rate in 
the region studied experimentally (170° to 200° C) 
is treated in terms of a specialized primary nucleus 
of fixed length B and a variable radius 7. This model, 
which is applicable in a relatively extended tempera- 
ture interval called “region B’’, leads to a nucleation 
rate of the form /g~ exp (—AF%/RT) exp (—B/ 
T?AT), where B is a constant, AF* the free energy of 
activation of the short-range diffusion process at the 
interface, 7’ the absolute temperature, and AT’ the 
difference between the melting point and the crystal- 
lization temperature. It is demonstrated that this 
model does not imply that o, is identical to zero. 
The model with both 7 and /variable is theoretically 
valid in region A, which exists close to the melting 
point, and leads to [4~ exp (—AF#/RT) exp (—a, 
T°AT*), where @ is a constant. It 1s demonstrated 
conclusively that /,, and not J4, fits the data obtained 
between 170° and 200° C, showing that the nucleus 
with fixed Z is the correct one to employ in this 
range. The temperature dependence of the lineal 
growth rate is described in terms of a secondary or 
growth nucleus of length > that forms on the grow- 
ing face (end) of the crystallite. The growth law is 
of the form G~ exp (—AF*/RT) exp (—y/T?AT). 
The quantity 4 is numerically equal to X. The 
treatment of @ is thus similar to that proposed in 
another connection by Burnett and MecDevit [8]. 
The bulk crystallization rate constant, 7, is shown 
to accurately conform to a relation of the form 7: ~ 
exp |[—(AFF+-AF?)/RT| exp [— (B+-y)/T?A Ty)., where 
By. Estimates of the dimensions of the primary 
and secondary nuclei are given. 

Although the principal aim of the present work 
was the elucidation of the bulk crystallization process, 
mention is made of certain aspects of spherulitic 
growth. A more detailed discussion of spherulitic 
growth, which to a certain extent supplements the 
work of Price [9] on poly(chlorotrifluoroethylene), 
will be given elsewhere [10]. It will be shown here 
that the bulk crystallization that takes place in this 
polymer subsequent to strong superheating is not 
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of a three-dimensional or spherulitic character in 
the temperature range studied. It is essential to 
bear this point in mind while reading the paper. 
On theoretical grounds, it is shown to be reasonable 
to suppose that the intrinsic bulk crystallization 
process might involve three-dimensional growth 
ciose to the melting point, but this problem was not 
studied experimentally because of the extreme slow- 
ness of the crystallization at such temperatures. 


2. Experimental Procedure 


2.1. Materials 


The ‘specimens of poly(chlorotrifluoroethylene) 
that were used in this research were laboratory 
samples of Kel-F grade 300 polymer which were 
kindly supplied to us by H. S. Kaufman of the 
Minnesota Mining and Manufacturing Company. 
The material was supplied in the form of air-free 
molded sheets approximately 2 mm thick. The 
number average molecular weight was stated to be 
approximately 415,000. 

It is especially important to note that it was 
necessary to select sheets that were as free as possible 
of heterogeneities. The basie criterion used in 
making the selection was the ability of a reasonable 
degree of superheating to yield highly reproducible 
bulk crystallization isotherms (in a subsequent 
crystallization) that were essentially independent 
of the superheating conditions. Conformity with 
this condition indicated that enough of the heter- 
ogeneities had been rendered inactive to permit the 
homogeneous or pseudohomogeneous process to 
make its appearance. Only a few of the sheets 
supplied met the stated requirements. 

A spherulite count obtained under specified con- 
ditions proved to be a useful measure of the number 
of heterogenities. The samples used in the bulk 
crystallization studies contained only 10 to 30 
spherulities per mm®* after the specimens were 
superheated to 305° C, and the spherulites grown 
anywhere between 180° and 192° C. Samples with 
a considerably larger number of spherulites did not 
meet the reproducibility requirements stated above. 

A further point concerning the selection of material 
is of importance. Under certain conditions, poly 
(chlorotrifluoroethylene) is known to possess surface 
nucleation that causes the specimens to exhibit a 
grainy appearance when viewed normal to the 
surface with crossed nicol prisms [11]. Only those 
samples that were shown by sectioning studies to 
be sufficiently free of this phenomenon were used 
in the research. 

Only relatively fresh specimens were employed, 
since these led to the most reproducible results. In 
the course of repeating some of the work, it was 
discovered that material stored over a year in air 
showed a tendency toward irreproducible behavior. 
Such aged specimens often yielded low n values. 
This may have been the result of excessive surface 
nucleation. 








2.2. Volume Measurements and Crystallization 
Isotherms 


The specific volume of the specimens was meas- 
ured by weighing them in. silicone oil, using the 
same apparatus employed in earlier studies on this 
polymer [2]. The general procedure used in making 
the runs was as follows. First, the polymer was 
suspended on a fine wire and heated in a stirred air 
bath to a preselected initial temperature, 7',, for a 
time sufficient to bring the entire specimen to thermal 
equilibrium. This usually took approximately 10 
min. The specimen was then plunged into a silicone 
oil bath operating at a predetermined crystallization 
temperature, 7,. “The sample was then weighed in 
the oil at times appropriate to the rate of crystal- 
lization, and the specific volume calculated for 
ach reading. 

The erystallization was assumed to begin when the 
specimen reached 7’; this usually oceurred 1.5. to 
3 min after it was plunged into the oil bath. For a 
process with a strongly negative temperature co- 
efficient, such as the one studied, this introduces 
only a small error, certainly not exceeding 1 min 
in the zero of time. In cases where the crystallization 
was quite rapid, as for 7’ ,< 180° C, a small tempera- 
ture correction was made for self-heating of the 
sample. The samples used in the investigation 
generally weighed from 1 to 5 g. 

The very small amount (always less than 0.2 
percent) of silicone oil sorbed by the specimens in 
the course of repeated experiments did not affect 
the rate of erystallization. The samples did not 
become discolored, and no bubbles or other evidence 
of degradation was ever observed in fresh specimens. 
We note in the latter connection that identical 
isotherms were obtained at a given growth tempera- 
ture even after the sample had been heated many 
times to 7',=305° C for the brief period indicated, 

The isotherms at a given growth temperature are 
independent of the time the sample was held at 
7, prior to crystallization. 

The specific volume values were converted di- 
rectly to the degree of crystallinity, xy, which is defined 
as the mass fraction of the sample that is crystallized, 
using the equation 


fe 6 
x= == (1) 
V.—V. 


In this expression, YT, is the specific volume of the 


pure supercooled liquid, V, the specific volume of 
the pure erystal, and V, the specific volume of the 
sample, all at the temperature of the run. The 
specific volume of the crystal at the required tem- 
perature was calculated from the equation 


V.=0.45563 + 0.8079  10-'7+-0.874 «10-772, (2) 
and the specific volume of the supercooled liquid 
was obtained using 


V,=0.47337 + 2.199 X 10-47 +2.943 * 10-772. (3) 
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In these expressions Vis in emée! and 7 is in 2? ©, 
Equations (2) and (3) were derived using a rigorous 
With the experimental] 
error int, considered, the crystallinity scale defined 
by eqs (1 to 35) vields x values to better than 0.01] at 
low x, and about 0.03 at x—0.5, in the temperature 
range Where the crystallization studies were ear. 
ried out. Evidence that lends strong support. to 
the crystallinity seale defined by eqs (1 to 3) will 
be brought out later in this paper. 


analysis of V7 data [2]. 


3. Bulk Crystallization Isotherms: Geometry 
of Growth and Type of Nucleation 


3.1. Experimental Conditions Leading to Homogene- 
ous or Pseudohomogeneous Nucleation 


Turnbull [1] has shown that if a substance con- 
tains thermally stable (and wettable) heterogeneities 
possessing pores or cavities on its surface, crystalline 
embryos can persist in these on an equilibrium basis 
well above the ordinary melting point. Such a 
body will act as a center of growth as soon as the 
material is supercooled. By sufficient) superheat- 
ing, the embryos in the cavities can be melted out, 
thus rendering them inactive as nucleation centers. 
Other things being equal, the embryos in the larger 
cavities melt out first. In cases where the cavities 
are small, and where the heterogeneity is strongly 
wetted by the crystalline phase, the crystalline 
matter may persist hundreds of degrees above the 
usual melting point. Reproducible isotherms inde- 
pendent of superheating conditions or previous ther- 
mal history should be obtained provided that all, or 
nearly all, of such embryos are destroved. It is 
readily demonstrated that such a condition can be 
achieved with relatively clean) samples of poly- 
(chlorotrifluoroethyvlene). 

The effect of various superheating temperatures, 
7;, on the isotherms for poly (chlorotrifluorethyvlene) 


obtained at 7, —196.5° C is shown in figure 1. The 
; rca ee e -  — 5 i 
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Fiaeure tl. Effect of initial (superheating) temperature, T,, 
on isotherms obtained at a constant growth temperature, 
71,=196;5° C. 

x is the mass fraction crystallized, and f¢ is the time in minutes 
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equilibrium melting temperature, 7, for this poly- 
mer is close to 221° C [1 2], so that the degree of 
superheating ranges from 24° to 84° C. For low 
T,, the crystallization is noticeably dependent on 
v.. However, for high 7) the isotherms converge 
in &® Manner clearly suggesting that they are vir- 
tually independent of 7, in this region, and the rate 
of erystallization is slower.” Results of similar 
character were obtained with 7,—188.4° C and the 
same set of 7 shown in figure 1, Also a run carried 
out with 7)=325° and 7,=196.5° C vielded an 
isotherm (not shown) that was identical within 
Sie oey al error to that obtained with 7\=305° 
T,=196.5° C. These facts show that when the 
polymer is heated to the vicinity of 305° C prior to 
crystallization, the embryos in the crevices in the 
heterogeneites are virtually ail destroved. In such 
a situation, homogeneous or pseudohomogeneous 
nucleation initiates the erystallization process in 
the polymer. 


3.2. Analysis of the Isotherms to Obtain n 


Plots of x versus log t obtained for various crystal- 
lization temperatures between 170.0° and 199.9° © 
are depicted in figure 2. All of these isotherms were 
obtained with polymer that was superheated to 305° 
C prior to the crystallization run, and are therefore 
those appropriate to homogeneous or pseudohomo- 
geneous Initiation. The data for the first part of the 
170° run are somewhat unreliable owing to the 
rapidity of the crystallization. The bulk ervstalliza- 
tion process has a strongly negative temperature 
coefficient in the temperature interval studied: the 
isotherms at low 7, arrive at a given (low or moder- 
ate) degree of crystallinity much sooner than those 
run at high 7. The existence of this strongly 
negative temperature coefficient shows that the bulk 
crystallization process is controlled by one or more 
nucleation mechanisms in the temperature range 
under investigation. 

The two distinct stages of the crystallization are 
apparent in figure 2. In stage 1, the rate of crystal- 
lization at a given temperature ts increasingly rapid. 
This stage strongly reflects the free growth rate of 
the crystals, and the analysis of n will be based on 
this portion of the isotherms. Stage 2 appears with 
only a slight premonitory effect, and is ¢ harac ‘terized 
by an extremely slow and nearly linear increase in 
the degree of crystallinity on the foenatieie time 


2A total absence of superheating effects would mean that the corresponding 
crystallization was of homogeneous origin. ‘This represents an experimentally 
ideal situation not easily achieved. However, the observation of only a slight 
displacement at constant 7) toward slower crystallization with increasing 7) at 
relatively low degrees of superheating does not necessarily imply that such iso 
therms are of practically homogeneous origin. This may be seen by the follow- 
ing argument, Suppose the crack-size distribution in the heterogeneities is 
gaussian, with a most probable size 7. At low degrees of superheating only the 
very few large embryos will be melted out, and the isotherms will shift but little 
with inereasing 7), despite the fact the crystallization is heterogeneous. The 
maximum shift will correspond to higher 7, values where embryos in cracks of 
just the size x are melted out. At still higher 7) values, the isotherms will 
converge again as shown in figure 1 as the last of the small embryos is destroyed 
by superheating. Thus, even if only a small effect of superheating is found, it is 
important to show, as in the present case, that the effect of further superheating 
causes convergent shifts before it can be stated that a homogeneous or pseudo- 
homogeneous condition of crystallization has been approached. A divergent 
shift would be a certain sign that the crystallization was mostly initiated at /=0, 
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FIGURE 2. n=2 isotherms obtained at various growth temper- 
atures, T>, for specimens subjected to strong superheating 
(T= 805° C) prior to crystallization. 


x is the mass fraction crystallized, and ¢ is the time in minutes. The value 
n=2 is a result of one-dimensional growth of nuclei born sporadically in time. 


scale used. Stage 2 crystallization will be discussed 
in more detail in section 4. 

The value of n in the expression for the free growth 
rate, x’= Zt", will now be determined by an analysis 
of the isotherms. The free growth rate is the rate 
at which the polymer would crystallize if the nuclea- 
tion and subsequent growth of each crystallite were 
independent of similar processes in other crystallites, 
a condition most apt to be fulfilled in the very early 
stages of the crystallization. Interest in the free 
growth rate is occassioned by the fact that Z is a 
quantity that can be calculated theoretically by a 
consideration of the elementary nucleation and 
growth mechanisms, and by the fact that 7 is inti- 
mately related to the type of nucleation and the 
geometry of growth. 

The phenomenological expression [5,6] 


=X, [Ie 2x) (4) 


is used as a starting point in analysis to obtain n. 
A derivation of eq (4) is given in appendix 9.1 to 
indicate the specialized meaning we have placed on 
x, Which is defined as a retardation parameter that 
reflects the mean value of the apparent limiting degree 
of crystallinity in stage 1. As shown in appendix 
9.2, it is readily deduced from eq (4) that 


+ (1/2) (x/xw) +. - (5) 


In this expression, ¢ is the time as measured from the 
inception of the experiment, and x the degree of 
crystallinity at that time. Values of nm at various 
degrees of crystallization may be obtained from the 
experime ntal values of t, x, and dx /« dt, if a value of 
X¥» is assumed. Fortunately, m is quite insensitive 

to the choice of x,, and it is suffic ient for the purpose 
at hand to calculate n with x,—1 and x,=—1/2. These 
values may be accepted as reasonable trial values 
for this parameter in the present case. Values of x 
up to 0.20 were used in the determination of n. This 


n= (t/x)(dx/dt)[1- 


3 Equation (4) is not quoted directly in the papers cited, but is readily deduced 
from the treatment given. 








mit was set in order to insure that each isotherm 
was well within stage 1, and to be certain that higher 
terms in eq (5) were unimportant. It was found that 
this method was more satisfactory than some of the 
curve-matching schemes sometimes used to estimate 
n, since a definite numerical value is obtained. 
Values of n obtained in the manner described 
are given in table It is evident from the results 
that n=2.0 under the conditions of the experiments, 
which are those corresponding to homogeneous or 


pseudohomogeneous nucleation. (Note that the 
isotherm obtained with 7);=285° C is also con- 
sistent with n=2.) It is extremely doubtful that 
the value of m lies outside the range 1.8 to 2.2. 


As indicated in the next to the last column in table 1] 
an isotherm calculated using eq (4) with n=2 and 
Xw==1 fits the observed data reasonably well up to 
a x value in the vicinity of 0.45. Lower values 


of x, usually give a poorer fit, indicating that x,.~1 
in this case. The error in x, is undoubtedly rather 
large, the figures given being reliable to not much 
more than about 20 percent. Nevertheless, there 


is little doubt that eq (4) is a suitable method of 
representing the pr seeaeses in the region indicated. 
At higher values of x, each experimental isotherm 
enters stage 2, and Homer markedly from that 
calculated) from the phenomenological equation. 
The best values of the quantities n and x, are shown 
as bold face numbers in table 1 

The pseudoequilibrium degree of 
Xm, for each 7, value is also shown in table Xen 
is defined as the degree of crystallinity at the onset 
of stage 2. The method of estimating x,, is apparent 
from figure 2. The increase of x,, With increasing 
T> is definitely real, and is not an artificial result 
arising from an error in the crystallinity scale. (It 
is worth mentioning that this point is clearly ap- 
parent in the V-7' diagram to be given in section 4.) 

An approximate theoretical justification for using 
trial x,. values in the range 1/2 to 1 forasvstem where 
Xn~ 1/2 will be found in appendix 9.1. 


crystallinity, 


TasLe 1. Values of n and xw for polymer crystallized after 
strong SU pe rhe ating (homoge neEOUS pse udohomoge neEOUS 
nucleation) 


or 


Maximum ex- 
perimental x 


Value of n 
Pseudo- 





rs Crystal- |——_-—— 
Initial “tree value that is equilibrium 
tempera- | tampera-| °4.“ 5) | eq (5) Xw approximately | degree of 
ture, 7; m4 T with with fitted by eq (4)) erystallin- 
‘ Xuv= Xw='2 | with n=2 and ity, xm 
assumed | assumed Xw=1 
on oC 
305 199. 9 82.0) BOE Acecuseanlicomeseeee 
305 195. 8 1. 86 1. 96 1 0. 50 0.60 
305 192. 5 1. 84 1. 94 70 at) 57 
305 188. 4 1, 98 2.09 i. 45 53 
305 184. 4 2.01 2.13 x 40 52 
305 180. 4 2.10 2. 22 i. . 40 HW) 
285 188. 4 2. 06 2.19 1. 45 
n=1.97 n=2.09 ~1 
* For this run, there were too few points taken in the region x=0.05 to x=0.20 


to permit n to be calculated as precisely as in the other cases. 


The isotherms shown in figure 2 may be super- 
posed by shifting them along the log ¢ axis. A 


plot of such a superposition of isotherms is shown 
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Superposition of experimental isotherms shown 
on isotherm calculated with eq (4) for case n=2, 


FIGURE 3. 
in figure 


, 


Isotherms calculated with eq (4) for n=1 and n=3 are shown for comparison. 
The symbols used to denote the experimental points for the various isotherms 
as those used in figure 2 


are the same 


in figure 3. The points used in this plot are the 
sume ones shown in figure 1, and these have been 
superposed on a phenomenological isotherm com- 
puted from eq (4) for the case n=2, and yx,—1. 
The superposition is, of course, in accord with the 
mathematical properties of eq (4), and is equivalent 
to the superposition obtained using certain variables 
other than x [5] that measure the course of the erys- 
tallization. The superposition excellent up to 
x=0.8, and fair up to x=0.4 to x=0.5 (see next to 
last column in table 

If it is assumed that the value of 7 corresponds 
to homogeneous or pseudohomogeneous nucleation, 
1L.e., to the case where the gvrowing particles are born 
at later and later dates, then it follows that the 
geometry of growth is of a one-dimensional character. 
(It is shown in appendix 9.4. that x’ = Z2f, 1.4 2 
for the case of one-dimensional growth of objects 
born at later and later dates.) Any such conclusion 
concerning the geometry of growth rests squarely 
on the eredibility of the arguments given earlier 
for the belief that strong superheating should lead 
to primary nuclei that are born at later and later 
times. At this point, therefore, it considered 
that it is highly probable, rather than certain, that 
the geometry of growth in this polymer is one- 
dimensional. What is clearly needed in an independ- 
ent proof of the geometry of growth. This will 
be given in section 3.3. In order to facilitate this 
proof, it necessary to indicate the conceivable 
alternative explanations for the n=2 isotherms, and 
to mention the unique character of certain other 
values. 
An n 
distinct ways. 
growth of objects born at later 
the two-dimensional (radial) 
objects born at the same time. (These two cases are 
considered in appendix 9.3 and 9.4). This statement 
is subject to the provision that the growth process 
must be lineal, so that a given amount of material is 
deposited on a unit area of growing crystal face in 
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unit time. It may safely be assumed in the case of 
poly ( (chlorotrifluoroethylene) that this holds true, at 
least in the first stage of the crystallization. ek 
lineal growth in the relatively early stages of 
eryst: lization is to be anticipated only in suaaniana 
where long-range diffusion is required to bring the 
eryst: allizing species to the surface of the crystal. 
Thus, only the case of one-dimensional growth of 
objects born at later and later dates, and two- 
dimensional growth of objects born at the same 
time need be considered as possible causes of the 
observed n=2 isotherms. An independent proof 
that the geometry of growth is indeed one-dimen- 
sional in this polymer would therefore strongly 
reinforce the belief that the n=2 isotherms are a 
result of objects born at later and later dates. 

It is worth remarking that a similar problem 
exists for an #8 isotherm. Such an isotherm 
could be interpreted as being a result of three- 
dimensional growth of objects born at the same 
time, or two-dimensional growth of disk-like objects 
born at later and later dates. Fortunately, how- 
ever, 7=1 and n=4 isotherms have unique interpre- 
tations, subject of course, to the provision that the 
growth be lineal. Thus, an n=4 isotherm can 
arise only for the three-dimensional (spherical) 
growth of objects born sporadically in time, and an 
n—1 isotherm can arise only for one-dimensional 
growth of objects born at the same time? The 
latter fact, when used to interpret the experiments 
with seed crystals to be described in the following 
section, will provide the required proof that the 
geometry of growth in poly(chlorotrifluoroethylene) 
is indeed one-dimensional. This will also resolve 
any uncertainty in the suggested interpretation of 
the n—=2 isotherms. 


3.3. Nucleation With Seed Crystals 


If the crystallites formed in the n=2 erystalliza- 
tion are actually a result of one-dimensional growth 
of nuclet born at later and later times as has been 
postulated, it is clear that if seeds derived from these 
crystals are caused to exist in a sample of polymer, 
and aig seed nuclei used to initiate a crystallization 
at ¢—0, the resultant isotherm should conform, at 
least in its early stages, to eq (4) with a=. (It is 
shown an appendix 9.3 that the free growth rate for 
such a system is x’ = Zt.) 

The preparation of a sample containing the appro- 
priate type of seed crystals is easily accomplished. 
First, the specimen is crystallized at a certain growth 
temperature, such as 188° C, after first superheating 
it to 305° CC. The corresponding isotherm is of the 


4 An incidental point here is that n=4 is in itself not a complete proof of homo- 
geneous nucleation, but only of essentially sporadic initiation. Such an effect 
could arise from either homogeneous or pseudohomogeneous nucleation, In 
this sense, an n=4 isotherm is somewhat less definite with regard to the type of 
nucleation that is implied than an n=1 isotherm, the latter practically always 
clearly indicating heterogeneous nucle: ition. (Here we regard both foreign 
bodies and seed crystals as “‘heterogeneous’’ nuclei). 

An n=1 isotherm could conceivably arise for a substance that ‘crystallized’ 
Strictly by continuous homogeneous injection of nuclei that did not grow, but 
this contingency need not be seriously considered in the present case, since there 
is ample evidence showing that the primary nuclei grow. 
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n=2 type. This process produces vast numbers of 
tiny crystallites in the specimen. The sample is 
then heated to a temperature 7; that is a little 
below T,, but close to the quasi-equilibrium melting 
point, 7;,,’, in order to melt out all but a very small 
fraction of the erystallites.° The equilibrium melt- 
ing temperature of poly(chlorotrifluoroethylene) is 
221° C, and the quasi-equilibrium melting point for 
a sample crystallized at 188° C is about 216° C [12]. 
The remaining crystallites are the largest in the 
specimen, the smaller ones having melted out, and 
comprise the requisite type of seed crystals. Though 
numerous seed crystals are present, the specific 
volume of such a sample is experimentally indis- 
tinguishable from that of the pure supercooled liquid 
at the same temperature. 

The seed-crystal isotherm is obtained by dropping 
the temperature of the ‘seeded’ sample to a con- 
venient crystallization temperature, 7, and making 
the run in the usual manner. The seed crystals are, 
of course, all active as “heterogeneous” nucleation 
centers at t=0. Isotherms obtained in this way 
were analyzed to obtain nm as was described in the 
previous section. The results of three of the runs 
are given in table 2. It is seen that the value 


-Values of n and xw for polymer nucleated with 
seed crystals ® 


TABLE 2. 


Value of n Maximum | Pseudo- 


Initial Growth experimental x | equilibri- 


temper- — temper- Xu value that is | um degree 
ature, ature, eq (5) eq (5) approximately | of erystal- 
T\ T2 with with fitted by eq (4) linity, 
Xw=1 =1l6 with n=1 and Xm 

assumed | assumed Xw=0.55 

( i, 

216, 2 200. 0 0. 98 1. 04 0. 55 0. 40 ~0. 45 

215.6 200.0 1.02 1.08 . 55 . 40 | ~. 45 

215.6 196, 2 . 87 . 92 «56 40 | ~.45 
n=0.96 n=1.01 ~55 | 





* Previous history prior to heating to Ti value shown in table: n=2 run with 
T,=305° and 7:=188° C that was carried into stage 2. 


n—1.0 provides the best description of the data. 
The value n=1 can only be interpreted to mean that 
the crystallization in the seeded specimens was due to 
one-dimensional growth of objects born at the same 
time. Further, this finding provides the strongest kind 
of confirmation for the supposition made earlier that 
the n=2 isotherms were a result of one-dimensional 
pane th of objects being born at later and later dates, 
, by homogeneous or pse udohomogencous nucleation. 
‘The specimens in the n= seed-crystal runs 
attained a given degree of crystallinity considerably 
faster than the samples 3 in an n=2 run at the same 
growth temperature, despite the acceleration of the 
crystallization resulting from the continuous injec- 
tion of centers in the latter case. This is a result, 
of course, of the fact that the numerous seed crystals 
all start growing at t=0 in the n=1 runs. The 
n=1 seed- -cry stal runs were carried out at the 
5 The fact that T'm’ is less than T'» for polymer crystallized at_ temperatures 
below 7'» is due to the small size of the crystals in such samples. The specimens 
will contain crystallites with a distribution of sizes, the larger ones melting out 
at higher temperatures. Some of these will be retained above the nominal value 


of Tm’. The number of seed crystals in a sample will tend to depend rather 
strongly on T; in the range between Tm’ and T'm. 











relatively high 7 values indicated in order to allow 
the rate of crystallization to be measured easily. 

The result 7 is definitely not caused by surface 
nucleation in these experiments. Microscopic ob- 
servation of sectioned specimens showed that the 
crystallization did not originate at the surfaces; the 
scattering of light due to the crystals formed clearly 
indicated that they existed throughout the body of 
the specimen. Thus the #=1 isotherms were a 
result of a bulk crystallization effect. It is also 
perfectly clear from the conditions of the experiment 
that the result n=1 is not caused by continuous 
homogeneous injection of nuclei that do not grow. 

A superposition-ty pe plot of the n=1 isotherms is 
shown in figure 4. The isotherms shown are those 
mentioned in table 2. Curves calculated using eq 
(4) with n=1 and various values of x, are shown as 
solid lines. It is seen that x,™%0.55 provides a good 
fit of the data from x=0 up to x=0.3 to 0.4.) The 
best values of m and x, for this type of isotherm are 
indicated as bold face numbers in table 2... The mean 
experimental value of x, obtained for the n=1 iso- 
therms is correct to within about 10 percent. 

A x,» Value that diminished somewhat as the 
degree of crystallinity increased would definitely fit 
the data slightly better. This point will prove to 
be of significance in an ensuing discussion on the 
nature of impingements. 
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FIGURE 4. Superposition of the experimental n=1 isotherms 
obtained by initiation with seed crystals on isotherms calcu- 
lated — eq (4) with n=1 and various values of xw. 

Dd 7:=216.2°, T2=200° C; @ T;=215.6°, T2=196.2° C; © 7; =215.6°, T2=200° C. 
lhe value n=1 is a result’of one-dime nsional growth of pre-determined nuclei 
seeds) present at t=0. 


4. Isotherms at High x: Stage 2 
Crystallization 


The objective of this section is to bring out certain 
points concerning the shape of an observed isotherm, 
especially at a high degree of crystallinity where the 
inception of stage 2 introduces strong retardations to 
the crystallization process. The nature of stage 2 
is of special interest when considered in the light of 
the difficulties encountered in attaining very high 
degrees of crystallization in linear polymers. 
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Consider first the n= 2 isotherms shown in figure 2, 
The retardations to the crystallization in stage 1 of 
these isotherms are comparatively weak, and are 
adequately described up to moderately high x values 
by the parameter x,~1 in eq (4). The stage 1] 
portion is superposable as shown in figure 3. The 
situation is entirely different after the onset of stage 
2 at x~0.4 to 0.6. The crystallization becomes 
extremely slow, indicating the interdiction of a very 
strong retardation, and no fixed values of Z2, 1, and 
Xv With eq (4) are capable of reproducing any signifi- 
cant portion of the stage 2 portion of the isotherm, 
The stage 2 portions of the isotherms are not super- 
posable by rescaling either the time or the degree of 
crystallinity. Equation (4) with n=2 and y,=1 
leads to an isotherm which rises on past the onset 
of stage 2, as shown in figure 5 (upper diagram), 

It is emphasized that the value x,~1 found ex- 
perimentally for the n=2 isotherms is not particu- 
larly accurate, and is probably somewhat high. A 
small and otherwise negligible n=3 component due 
toa remnant of heterogeneously induced spherulitic 
growth is suspected to be present in the 12 runs, 
and this would cause x, to assume somewhat high 
values. Also, slightly conical growth would lead to 
high x, values. Thus, the fact that x, is consider- 
ably greater than the pseudoequilibrium degree of 
crystallinity, x,, In the n=2 case may be partly an 
artificial result, and the true value of x, may well 
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FIGURE Diagram showing transition from stage 1 to stage 2, 
and the extent to which eq (4) (dashed lines) fits the experi- 
mental isotherms (solid lines) for the n=1 and n=2 cases. 
The n=1 curve shown was obtained with 7);=218.0°, 72=196° C, and the 

n=2 curve was obtained with 7) =305°, T,=196° C. x is the mass fraction trans- 


formed and ¢ is the time in minutes. The symbol Xm represents the approximate 
value of the pseudoequilibrium degree of crystallinity. 


be closer to x,, than is indicated by most of the data. 
However, none of the above detracts from the fact 
that eq (4) provides a good representation of the 
data in stage 1, and the fact that the retardations in 
stage 1 are much weaker than those in stage 2. 

The n=1 isotherms also exhibit typical stage 2 
crystallization. In the case of the n=1 isotherms, 
the onset of stage 2 is rather diffuse, but evidently 
becomes important at around 0.4 to 0.5. The 
general situation for the n=1 isotherm is depicted 
in figure 5, (lower diagram). The properties of the 
stage 2 part of the isotherm at high x in the n=1 
case are very similar to those described above for 
the n—2 case. The value y,~%0.55 that describes 
the retardations in stage 1 of the n=1 isotherms is 
attributable principally to the effect of impinge- 
ments and entanglements (see below). 

A slow crystallization process evidently similar in 
character to the stage 2 crystallization investigated 
here has prev iously been noted in erystallizable 
polymers by ¢ ‘ollins [13], Kovaes [14], and others. 

The experiments clearly indicate that the parame- 
ter x,, in eq (4) is not generally to be identified with 
the true equilibrium degree of crystallinity. To show 
this, we need only consider the »=1 type isotherm, 
for which the relatively reliable value x,.~%0.55 ob- 
tains. It has been demonstrated that poly(chloro- 
trifluoroethylene) can readily be crystallized up to 
x—0.82 [2], and even this figure is certainly not the 
highest attainable. Thus x, 1s clearly less than the 
equilibrium degree of crystallinity in this case. An- 
other point is that in the experimental m= 1 isotherm 
shown in figure 5 (lower diagram), x is seen to con- 
tinue well past the value y~0.55, again demonstrat- 
ing that x, Is not the equilibrium degre © of crystal- 
linitv. The fact that Xu IS roughly unity for the n=2 
isotherms does not in our view imply that x, is to 
be identified with the equilibrium degree of erystal- 
linitv in these cases, especially in view of the uncer- 
tainty in the experimental value of yx, for such 
isotherms. 

The experimental results suggest that the re- 
tardation parameter x, 1s not to be generally taken 
as being identical to the pseudoequilibrium degree 
of crystallinity, x,,, though this point is difficult to 
establish with certainty. The most clear-cut experi- 
mental evidence is obtained from the 71 isotherms 
where the value y,.~0.55 1s established within nar- 
row limits. Our best estimate of y,, In this case 
vields x,,~0.45 (see table 2). This numerical esti- 
mate of x, is somewhat doubtful, but our analysis 
nevertheless renders it highly likely that x,, is some- 
what less than y,. The situation with the n—2 iso- 
therms is that x,, can be determined quite accurately 
(see fig. 5, upper diagram), but that x, is more un- 
certain. Nevertheless, it would appear that x,, is 
less than x, in this case. At the very least, the 
experimental results for the n=1 and n=2 isotherms 
can hardly be interpreted to mean that x, is precisely 
equal to xX». 

The experimental situation concerning the onset of 
stage 2 in the n=1 and n=2 cases can be sum- 
marized as follows. In the n=2 case, the stage 2 
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process intervenes rather abruptly at x», where x» 1s 
0.4 to 0.6 depending on the crystallization tempera- 
ture, and prevents the experimental isotherm from 
pursuing its original “n=2, x¥,~1” course. How- 
ever, the xX. V value quoted is undoubtedly somewhat 
high as a result of certain extraneous effects. In the 
n=1 case, the experimental isotherm essentially com- 
pletes its “n=1, x,»20.55” course near x,~0.45, and 
the stage 2 process supervenes. In both cases, it is 
the stage 2mechanism (and the limited patience of 
the investigator) that hinders the isothermal attain- 
ment of high degrees of crystallinity. 

The above remarks serve to show part of the 
experimental basis for referring to x, as a “‘retarda- 
tion parameter” or as the “‘apparent limiting degree 
of crystallinity in stage 1,” rather than assuming it 
is generally equivalent to the pseudoequilibrium de- 
gree of crystallinity. <A theoretical justification for 
this type of definition will be mentioned shortly (see 
also appendix 9.1). The theoretical analysis will 
bring out the fact that x, will depend to a certain 
extent on x, and that x, may often be fairly close to 
Xm- 

Some possible causes of the onset of stage 2 type 
crystallization will now be considered. It is of 
interest first to point out certain apparently attrac- 
tive hypotheses that cannot explain the observed 
results. 

First, 
cannot be due to a 


the onset of stage 2 in the n=2 isotherms 
rapid depletion of flat surfaces 
on heterogeneities that can act as sites for pseudo- 
homogeneous nucleation. This is demonstrated by 
the fact that stage 2 of an n=2 isotherm is quite 
similar to that found for the n=1 seed crystal iso- 
therms at high x (fig. 5). Inasmuch as the seed 
crystals all lead to nuclei born at t=0 in the n=1 
case, so that depletion of nuclei cannot be the cause 
of the onset of stage 2 in such an isotherm, it follows 
that site-exhaustion effects on heterogeneities cannot 
be the cause the onset of stage 2 in the n=2 iso- 
therms. The second hypothesis would be that the 
degree of crystallinity at the onset of stage 2 was 
the equilibrium degree of crystallinity, but this is 
disproved by the observation that x, is always well 
below the maximum degree of crystallinity attained. 
It can thus be stated with certainty that x,, is not 
to ba explained in terms of the well-known equilib- 
rium statistical-thermodynamical theory of crystalli- 
zation due to Flory [15], where the limitation on the 
degree of crystallinity is basically a result of the 
exclusion of chain ends from the erystal. The 
name “pseudoequilibrium degree of crystallinity” 
is thus aptly applied to x». 

The probable explanation of the onset of stage 2 
is found in the work of Lauritzen [16], who has 
analysed theoretically the retardations in a system 
of rods or disks that grow normal to the radius in 
terms of impingements. Lauritzen has rigorously 
solved the following problem relevant to the present 
work. Let np nuclei be present per unit volume at 
¢—0, and assume these to be at random positions in 
space. Permit these nuclei, which all have radius 
7, to grow at a constant rate in a one-dime nsional 











manner at random orientations until they impinge 
on another growing particle, and calculate the frac- 
tion crystallized as a function of time. This calcu- 
lation should correspond reasonably closely to the 
n=1 seed crystal case studied experimentally in 
this paper. 

The results of Lauritzen’s calculations will be 
couched in terms of the behavior of x, in eq (4) 
with increasing x. This will serve not only to pro- 
vide a certain theoretical justification for the use 
of the phenomenological relation, but will also bring 
out more clearly the true nature of the retardations, 
and the limitations of eq (4). 

The results of Lauritzen’s calculations may be 
summarized as follows. The theoretical isotherm 
starts out in a manner quite similar to that calcu- 
lated by eq (4) with a x, value that is well below 
unity. This initial value of x,, is denoted Xwes and 
has a theoretical value of 0.43. In our view, this 
provides a theoretical justification for the use of 
eq (4) at relatively low x values, with x, being con- 
sidered as a retardation parameter. As the degree 
of crystallinity increases, x, tends to drop somewhat, 
but the retardation is still weak enough so that the 
crystallization may be regarded as being of an 
essentially superposable type. The crystallization 
finally comes to a virtual stop due to a massive 
number of impingements at a degree of crystallinity 
well below unity that may be identified with x,,. 
The value of x, at the end of the impingement 
process is x». The value of x,, calculated on the 
impingement model depends on the scaling parameter 
mr; a large value of this parameter leads to a high 
Xm, and a small value leads to a low x,,.. It is em- 
phasized that these results refer to n=1 class iso- 
therms. 

The theoretical calculations clearly demonstrate 
that x, in eq (4) will vary somewhat with x, and is 
therefore best considered as a retardation parameter 
in the relatively early stages of the crystallization, 
rather than the pseudoequilibrium degree of erys- 
tallinitv, a value it approaches only toward the 
latter part of stage 1. The experimental values 
quoted for x, in table 2 should therefore be con- 
sidered as average values. The same is undoubtedly 
true of the x, values for the n=2 isotherms in table 
1. It is reasonable on theoretical grounds to expect 
xX,» to be rather close to x,, in certain instances; this 
will especially tend to be the case where np7? is such 
that xXm™@xXwa- The reader is referred to appe ndix 
9.1 for further details concerning impingement 
theory. 

The general type of behavior expected from the 
theoretical calculations what found for the 
experimental n==1 isotherms, where x,™0.55. As 
mentioned in section 3.3, xX. falls slightly with in- 
creasing x. A rough estimate would be that x.) ~ 
0.65 and x,,~%0.45. The value of x, 9 is higher than 
the theoretical value of 0.43, but this is “probably 
mostly a result of the fact that all impingements are 
not effective in stopping growth as was assumed 
in the theory (see below). 

The impingement theory for rod-like objects born 
at later and later dates is mathematically formidable, 
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and has not been solved rigorously except for very 
low x, but there is good reason to believe that it 
will lead to a virtual cessation of the crystallization 
at moderate x values due to a massive degree of 
impingement. The value of x, ) in this type of 
system can, however, be estimated with some ac- 
curacy [16]. 

The impingement theory described above is based 
on the idea that a crystal stops growing when it 
touches another crystal. In many situations, such 
as when one crystal runs into another at essentially 
a right angle, this seems sufficiently realistic. In 
the case of certain types of “grazing” collisions the 
assumptions used may be too stringent, with the 
result that the predic ted values of Xw(D and x,, would 
be somewhat low. Nevertheless, impingement theory 
provides a convincing physical explanation for the 
behavior of the retardation parameter x,, and the 
origin of the pseudoequilibrium degree of crystal- 
linity Xm- 

It is emphasized that the impingement model 
treated by Lauritzen is of a general enough nature 
to represent approximately a number of physically 
conceivable situations that could cause a crystallite 
to stop growing, at least at a normal pace, far short 


of its “equilibrium” length. For example, some of 
the crystallites may actually stop growing one- 


dimensionally because of chain entanglements aris- 
ing from situations where the same polymer molecule 
becomes involved in more than one growing crys- 
tallite. Such an entanglement might be considered 
as an impingement. In any event, it would appeat 
for poly(chlorotrifluoroethylene) that the mean crys- 
tallite length at the onset of stage 2, 1.e., at x», Is 
largely determined by kinetic factors having to do 
with how r: apidly the rate of nucleation and “erowth 
causes the crystallites to suffer numerous impinge- 
ments. It will emerge later that the mean radius 1s 
affected by similar considerations. The role of 
kinetics in influencing the dimensions of the crys- 
tallites in polymers crystallized by procedures of 
ordinary duration cannot be overlooked. 

It has been observed that the quasi-equilibrium 
melting point of the polymer, 7”,,, increases slightly 
as stage 2 progresses. An increase of melting point 
on prolonged storage has been noted for certain 
erystallizable polymers on a number of previous 
occasions, and has been employed as a basis for esti- 
mating 7’, [5]. The increase of 7’,, noted as stage 
2 progresses may be ascribed to either a gradual 
increase in radius or length of the rods, both. 
Such increases could be a result of relaxation of 
impingements. Both types of process would tend to 


establish larger crystals more consistent with true 
equilibrium conditions. The gradual increase of 


9) 


erystallinity with time in stage 2 is probably mainly 
the result of such effects, and in addition, there may 
be a gradual injection of nuclei into the amorphous 
interstices between the impinged crystallites. 

There is an indication in figure 2 that the stage 2 
process is more rapid the higher the temperature. 
It would thus appear that some slow diffusion 
mechanism was the rate-determining step in the 
stage 2 process. 


In subsequent sections of this paper, the primary 
nucleation mechanism in a bulk polymer will be 
treated as taking place by a lateral accretion of seg- 
ments belonging to various polymer molecules to 
form a bundle-like nucleus. This nucleus is then 
assumed to grow both radially and lengthwise at 
varving rates. We refer to such growth as “kinetic” 
growth, and to the resultant crystallite as a “kinetic” 
one. The object of the discussion immediately fol- 
lowing is to bring out the fact that the kinetic growth 
of such a primary nucleus can hardly evade encoun- 
tering some chain ends, with the result that the cor- 
responding kinetic crystal may contain some such 
objects, and thus be slightly less stable and less 
dense than the true equilibrium one. 

In the kinetic picture of the growth of a polymer 
erystal from a bundle-like primary nucleus, chain 
ends are certain to appear on the growing (end) face 
of the crystal. The probability of such an event will 
depend on the molecular weight. If these chain ends 
are large in both number and size, the one-dimen- 
sional growth may be seriously disrupted, at least 
locally. If on the other hand, the chain ends are 
small, e.g. a —CF; group, and their number not too 
great, then a somewhat disordered crystal containing 
some chain ends may form initially. Other things 
being equal, such a erystal would have a slightly 
higher free energy than one containing no chain 
ends. Ina high molecular weight material contain- 
ing small chain ends, the lineal growth process 
should not be seriously disrupted by the occasional 
inclusion of chain ends in the “kinetic” growth of the 
erystal. It should be pointed out that the equi- 
librium polymer crystal will contain very few and 
perhaps no such chain ends. (Flory [15] has treated 
the equilibrium case with no chain ends in_ the 
erystal in detail.) The point here is that if the 
“kinetic”? crystal does contain some small chain 
ends and we consider this probable in’ many 
cases -the erystal will tend to seek its minimum 
free energy at a given temperature by allowing the 
chain ends to diffuse to the surface or end of the 
polymer erystal. This would be an exceedingly 
slow process that had a positive temperature coefhi- 
cient. This may be one of the mechanisms involved 
in stage 2. The slight increase of 7’,, on prolonged 
storage noted in stage 2 may thus be partly a result 
of the increased perfection of the crystals, and a small 
part of the increase of density may be due to the 
same effect. The mechanism mentioned would lead 
to a relief of internal strain in the polymer. How- 
ever, it is probable that the main cause of the 
increase if 7”,, on storage is the slow growth of 
crystallite size resulting from the relaxation of im- 
pingements and entanglements mentioned above. 

The melting point of a sample that has been crys- 
tallized part way into stage 2 at 75, where 7; is below 
T,,, is not only low but broad as well. Samples of 
this type correspond closely to the moderately crys- 
talline specimens commonly encountered in practice. 
Insuch material, the broad melting curve is certainly 
principally a result of the fairly wide distribution in 


the size of the crystallites in the system. <A likely 
source of this distribution would appear to be fluctua- 
tions of the radius about the mean value ~, and 


similar fluctuations about the mean length 4 that 
result from impingement of the growing crystallites 
on one another. The shape of the broad melting 
curve observed for this type of specimen is not to be 
interpreted in terms of the equilibrium theory of the 
melting of crystalline homopolymers. Any attempt 
at the precise application of such a theory should be 
reserved for polymer that has progressed considerably 
further into stage 2, i.e., much closer to an equilibrium 
condition. 

None of the above in any way contradicts or refutes 
the concept that a crystalline polymer possesses an 
equilibrium degree of crystallinity or an equilibrium 
melting temperature, the latter being defined as the 
melting point of the largest and most perfect un- 
strained crystal attainable [5]. However, it does 
illuminate some of the factors that impede the attain- 
ment of an equilibrium degree of crystallinity, and 
the measurement of the shape of the equilibrium 
melting curve below T'n. 

It is of interest to note where the onset of stage 2 
takes place with respect to a V-7 plot for poly (chloro- 
trifluoroethylene). The approximate demarcation 
line between stage 1 and stage 2 for the n=2 iso- 
therms is indicated in figure 6. The demarcation was 
obtained by drawing a straight line through the main 
part of stage 1 and stage 2 portions of each isotherm 
plotted as V versus log t, and noting the point of in- 
tersection. On a degree of crystallinity scale, such 
an intersection corresponds to x». The V-7 data for 
the pure supercooled liquid, glassy, liquid, and crys- 
talline states shown in the diagram are those obtained 
in a previous study [2]. 

Two interesting points are evident in figure 6. 
First, stage 1 accounts for a larger amount of the 
volume change (and percentage crystallization) near 
T,, than it does at somewhat lower temperatures. 
(This means that x,, tends to increase with increasing 
T,, as may be seen in table 1 and figure 2). The 
second point involves the nature of “quenched” sam- 
ples. A specific volume curve for a “quenched” sam- 
ple ~2 mm thick taken from earlier work [2] is 
denoted in the diagram by the line ##%. This is seen 
to be simply a continuation of the junction between 
stage 1 and stage 2. Such a “quenched” specimen is 
one that has traversed most of stage 1, but little if 
any of stage 2, thereby achieving the appropriate 
pseudoequilibrium degree of crystallinity while it was 
being rapidly cooled. Hence, the extreme sluggishness 
of the stage 2 mechanism, together with its rather 
abrupt onset, accounts for the strong similarity in the 
specific volume data at room temperature obtained 
for “quenched” sheets of this polymer even though 
they ranged from 1 to 3 mm thick and were subjected 
to quenching procedures of varying efficiency [2, 17]. 
Extremely rapid quenching, such as is possible with 
very thin sheets, can cause the material to become 
practically completely amorphous (see section 6.4). 

Stage 2 isotherms similar to the ones shown in 
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Figure 6. Specific-Volume—Temperature diagram showing 


the locus of the transition between stage 1 and stage 2. 


The line == indicates the specific volume obtained fora “ quenched” specimen 
~2 mm thick. Extremely rapid quenching of sufficiently thin films vields 
material with a specific volume that is much closer to the supercooled liquid or 
glassy state curve. 
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figure 2 can be obtained for poly (chlorotrifluoroethy- 
lene) by first quenching specimens ~2 mm. thick 
from 305° to 0° C, reheating to the appropriate 7, 
value, and then making the run in the usual way. 
The quenching step carries the polymer through 
stage 1. 

The stage 2 mechanism should not be confused 
with the slow and small decrease of specific volume 
at constant temperature that can take place in 
completely amorphous materials in the immediate 
vicinity of the glass transformation temperature, 
T,, even if a similar “logarithmic” law is followed. in 
the two cases. The small decrease of specific vol- 
ume with time in amorphous materials near the nom- 
inal value of 7, is basically a result of the fact that 7,, 
as ordinarily dealt with, depends on the rate of meas- 
urement. Such isothermal volume changes are not 
found in the supercooled liquid state of completely 
amorphous systems if the temperature is) much 
above or below 7,. The stage 2 mechanism in 
poly (chlorotrifluoroethylene) is principally due to 
an increase in the degree of crystallinity, and not to 
some “compacting” of the segments that takes 
place with the passage of time solely in the super- 
cooled liquid state. This is shown by two facts: (a) 
the volume change in stage 2 is much too large to 
be reasonably accounted for by a change in the 
supercooled liquid state (in some cases the stage 2 
process carries the crystallization from 20.4 to 
x>0.80) and (b) the volume change in question 
takes place at temperatures far above 7,=52° C. 

Another point of interest in this and other con- 
nections is that 7, is essentially invariant with x 
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between 20.4 and x20.8 [2], showing that the 
structure of much of the supercooled liquid state 
does not undergo any serious change as stage 2 
progresses. This indicates that any diffuseness in 
the degree of crystallinity seale resulting from 
changes in the supercooled liquid state with increas- 
ing crystallization must be rather small if not 
negligible. The nature of the amorphous material 
between the crystallites at low x values may be 
slightly different than it is at x¥>0.4, where some 
of the molecules are in a strained state. Thus, 7, 
may be somewhat lower than 52° C in the range 
O0<x<0.4 However, the density difference between 
amorphous material in the two ranges of x mentioned 
can hardly be very great, as is evidenced by the fact 
that the specific volume of the pure glass or super- 
cooled liquid obtained by analysis of two “impinged” 
semicrystalline samples where x¥=0.39 and x=0.82 
[2] was not only reasonable, but also fully in con- 
sonance with the specific volumes obtained on ex- 
tremely thin films that had been strongly quenched 
toa practically amorphous condition. This provides 
strong evidence for the approximate validity of the 
crystallinity scale over the entire range of use. In 
any event, most of the essential results quoted in 
this paper are relatively insensitive to the absolute 
crystallinity seale, and even those that do depend 
on it, such as x,, are almost certainly not substan- 
tially in error, 


5. Theory 


5.1. Homogeneous Nucleation Rate 


Using the Evring theory of absolute reaction rates 
[18], Turnbull and Fisher [19] have shown that the 
steady-state rate of homogeneous or primary nucle- 
ation /, in a condensed system may be expressed in 
the form 
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where AF* is the free energy of activation for trans- 
port of molecules a short distance to the surface of 
the embryo or nucleus, A¢g* the free energy of forma- 
tion of a nucleus of critical size, k is Boltzmann’s 
constant, .V is Avogadro’s number, and 7 the ab- 
solute temperature. The quantity. J=(k T/hjexp 
(—AF* kT) may be regarded as the jump rate of the 
elementary transport process at the supercooled- 
liquid—nucleus interface. The free energy of activa- 
tion describing this jump rate may be divided into 
its entropy and enthalpy of activation parts in the 
usual way giving 
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The objective of this sectionis to calculate Ag? for 
a linear homopolymer in an appropriate manner, and 
to indicate certain restrictions that may apply to 
this quantity. Two types of nuclei relevant to the 
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problem of homogeneous nucleation in linear homo- 
polymers will be considered in detail. The first of 
these deals with a cylindrical nucleus of radius 7 and 
length 4 where there is no restriction on either 7 or / 
The theory given for this model will prove to apply 
between 7., and 7, where 7, is not too far below T7,,. 
The temperature interval 7,.< T<T,, is called region 
A. The second model deals with a cylindrical nucleus 
of fixed length “4 and variable radius 7. The theory 
given for this case is applicable between 7T,,.< T< T,, 
where 7, is a temperature estimated to be well 
below 7. This temperature interval is denoted 
region Bb. Finally, brief mention is made of the 
properties of a nucleus of fixed length 4%, and a 
radius of molecular dimensions, 7». This model 
applies below 7,., region C. The derivations are 
given in somewhat more detail than is customary in 
order to clearly bring out the nature of the approxi- 
mations used. In particular, consideration is given 
to the possible effect of edges, and to the relative 
importance of the two surface free energies 
encountered. 


Region A: no restriction on length or radius of nucleus 

We choose as our model for the calculation of Ag¥ a 
evlindrical nucleus of length Zand radius 7, where the 
polymer molecules are assumed to be normal to the 
radius (see figure 7a and 7b). The chain molecules 
are assumed to be normal to the radius because this 
is the most reasonable manner for a bundle-like 
nucleus to form spontaneously from an array of linear 
molecules. In constructing the nucleus in this man- 
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Figure 7. Models of the primary and secondary nuclei. 


(a) Schematic diagram showing orientation of polymer chains in primary 
(homogeneous) nucleus. 
(b) Model of primary nucleus of radius r and length Z (region A) or Zp (region B), 


(c) Model of secondary (growth) nucleus of radius p and length Xo on end 
surface of crystallite of radius y. 
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ner for a bulk phase, we follow the general ideas used 
by previous workers [5,6]. We have deliberately not 
proposed a nucleus involving folding of a single chain 
back on itself forming a loop, since the formation of 
such a nucleus is in our estimate very likely ener- 
getically less favored for a bulk phase than the type 
proposed; nuclei involving folding of chains would 
seem more appropriate for the case of extremely 
dilute solution where only segments of a single 
polymer chain are apt to be involved in the primary 
nucleation event. An analysis of the properties of 
nuclei that start with chain folding will be given in a 
subsequent publication. 

Certain energy quantities are needed to describe 
the work required to form a cylindrical nucleus. The 
surface free energy on the lateral surface of the nu- 
cleus is o,, and the surface free energy on the end is 
denoted o,.6 The quantity Af is defined as the bulk 
free energy of fusion of crystal per unit volume. 
(o, and o, are in erg em~?, and Af is in erg em“), 
Further, we define a quantity eas the circumferential 
residual edge free energy, expressed in erg em™. 
Although ¢ will prove not to play a significant role in 
the particular data to be analysed, circumstances 
may conceivably arise where the effect of € will be- 
come noticeable. The consideration of effects arising 
from the edge phase is theoretically justified, since 
in a system consisting of an aggregate of linear 
chains, it is simply not possible to construct a nucleus 
of the required type that contains no edge, or a con- 
tour that acts like an edge. Note especially that e, 
as defined here, is not the work required to build 1 
cm of edge phase, “, but is instead a residual quan- 
tity that depends on certain differences that would 
reflect any unusually large values of ¢ (or W).® 
The residual edge free energy is thus introduced in a 
manner that does not complicate the customary 
definitions of either o, or o,, and which permits it 
to be ignored under many circumstances. 

For the above model, the free energy of formation 
of the nucleus from the supercooled mother phase is 
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The free energy of activation at the saddle point in 
the free energy surface described by eq (8) is ob- 
tained by setting the partial derivatives (OA¢,/0r)7 
and (0A¢,/0/), equal to zero. In this manner there 
is obtained 
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6 Definitions of «., o-, and ‘e are as follows. Let Wi be the work required to 
isothermally draw a segment of length / from the center of the crystal to the 
lateral surface, and let d be the lattice side-spacing. Then o—W; Zd. If W2 is 
the work required to move a segment from the center to the middle of the end of 
nucleus, theng.—=-W»/d2. Define W%3 as the work required to isothermally draw a 
sezment from the center of the erystal to the site of the edge phase. Then e, as 
treated here, is approximately (W3-Wi-W?2)/d. (This particular expression holds 
exactly only for a parallelipiped, but is sufficient to indicate the meaning of e). 
Wand Wy are both large, and WW» is small, so that ¢ will be a very small residual. 
A definition of the edge free energy (6 (as opposed to the residual edge free energy €) 
involving only W3 could be given, but its use would have required a re-definition 
of the lateral surface area, as well as other complications, and we have chosen not 
to use it. 
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for the critical radius, and 
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ta +o (10) 
Af 
for the critical length of the primary nucleus. In- 
serting eq (9) and (10) into (8), it is found that 
Siro." + eAf/o, ) 
Ags (11) 
% ee 


The value of Af in a system with a glass transition 
has been shown [7] to be accurately described by the 


relation 
Af 


where 7, is the equilibrium melting 
Ah, the heat of fusion at 7°, in erg em’ 
number of degrees the material 
T,,—T. The usual expression employed in this con- 
“sie lacks that extra factor 7/7',. which arises 
from detailed consideration of the fact that the 
heat of crystallization must drop below the value 
Ah; as the degree of supercooling Is increased. Com- 
bination of eq (12) with eq (11) vields the result 


=(Ah,AT/Tn)(T/Tn), (12) 
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Ad, 
The question now arises concerning the relative 
importance of the terms eAf/o, and o, in eq (13). 
This problem can readily be resolved by noting that 
\e| ~deo, (14) 
where d is the distance between the chains in the 
crystal (see footnote 6). Thus, eq (13) may be 
written in the form A¢* ST’, 'o20, [1+O(dAf/o,)| 
[Ah?T?AT?]. Noting that Ah, is about 10° erg em 
for many polymers, “and taking d=5* 1075 em and 
o,—10 erg em~’, both reasonable values, it is readily 
determined that the term dAf/o, comes to approxi- 
mately A7/100, which will be negligible compared 
to unity if AV is small. Thus, the term containing 
e in eq (13) will be unimportant near the melting 
point, but could have an effect at a moderate degree 
of supercooling. However, as will be demonstrated 
shortly, it is probable that even for moderate super- 
cooling a restriction on / will have already entered, 
causing Ag; to take on an entirely different form. 
Thus, in the temperature range where r and / may 
be regarded as unrestricted, the expression 
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gives the free energy of the activated state of the 
primary nucleus to an acceptable approximation. 
This result differs slightly from that usually given 
for the same case [6], because we have here used eq 
(12) for Af, rather than the less precise expression 
Af@AhAT/Tn. 
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Equation (15) may be expressed in the form 
Ags =r*Af/2 where v*, the volume of the nucleus in 
the activated state, is 16m020,/Af* 

At this point it is convenient to comment on the 
anticipated magnitude and behavior of and o 
The lateral surface free energy, o;, should be ‘distine er 
larger than o, for a model where the polymer chains 
are perpendicular to the radius of the nucleus as 
indicated in figure 7a. The external environment of 
the chains on the lateral surface will be that of 
segments of other molecules in a disordered super- 
cooled liquid phase, while the internal environment 
will be similar to that of a nonpolymeric molecular 
crystal possessing a relatively high degree of order. 
Thus, it is to be anticipated that o, will have a rela- 
tively normal value, corresponding roughly to that 
of a nonpolymeric molecular crystal of the same 
chemical type. Reasonable values of ¢, would thus 
ordinarily lie in the range 5 to 50 erg em-*. On the 
other hand, as the environment of the segments ts 
traced along the / direction from the crystal proper 
out through the end, only a relativels small decrease 
in order will be noticed. The result is that we must 
commonly anticipate the condition o, -o,. How- 
ever, it is physically impossible for ¢, to be identical 
to zero, since this would imply that there was no 
difference in free energy between the end of the 
nucleus and the chains adjacent to it. A molecular 


theory of would very likely have to take into 
account chain stiffness. Another point: concerning 
the surface free energies is that they may actually 


be slightly temperature dependent. If the crystal- 
line state tends to become disordered with rising 
temperature, a slight concommitant decrease of 
is to be expected, but an analysis carried out in the 
customary Way assuming that o is constant should 
still be quite accurate. The intervention of a first- 
order crystal-crystal phase transition below 7, 
would, of course, demand special treatment. 

The rate of homogeneous nucleation, that applies 
in region A, where there is no restriction on 7 or /, 
may be obtained by substituting eq (15) into eq 
(7). Thus, 
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where /, is in nuclei sec™t em In this expression 
V, is the specific volume of the supercooled liquid, 
and Af the molecular weight of the crystallizing 
segment. AS* is expressed in cal mole ~' deg 71, 
and A/7* in cal mole ~!. For this model, r* 
2o Af, and to a- sufficient approximation, /* is 
4o,/Af. Observe that the nucleation term is of the 
form exp (—a/7°A7*), where @ is a constant. An 
estimate of 7. will be given below. 

Region B: length restricted to 4, radius unrestricted ' 

The calculation of Ad* for the case where there is 


is 
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a physical restriction on the length of the nucleus, 
so that it is a constant, will now be considered. 
Before proceeding, it will be indicated why considera- 
tion of such a model is deemed necessary for a linear 
polymer. The critical length of the nucleus with vari- 
able 7 and Zis, to the approximation indicated above, 
given by 4¢,/Af.. Asaresult, 7* will decrease approxi- 
mately as 1/A7 as the crystallization temperature is 
lowered. Now the smallest conceivable length that 
could be incorporated into a nucleus in an elementary 
process would be ea. 2.5 107° em, which corresponds 
C 


to the C C repeat distance in the zig-zag poly- 
mer chain. Alternatively, the unit of crystallization 
may be larger, and contain a number of such units. 
Either way, a certain irreducible nucleus length, 4, 
is certain to exist. Ata temperature 7',, correspond- 
ing to a degree of supercooling A7,, 7* will have fallen 
toa value of 4. It is found using eq (10) and (12) 
that 

my A Tn 


AT. (17) 
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toa sufficient approximation. At greater degrees of 
supercooling, eq (15) will no longer be valid, and a 
revised theory that takes into account the fixed 
length, 4, must be used. An example will serve to 
show that 7. may be close to 7,,.. Taking 4= 10> 1075 
em, 7), 500° K, ¢,=0.5 erg em~? and Ah;=10° erg 
em-*, AT. is found to be about 10° C. The transi- 
tion between regions A and B will, of course, not be 
completely abrupt. 

Consider now the calculation of the free energy of 
formation of a nucleus with fixed length and unre- 
stricted radius. Let the length of the nucleus be 4, 
and let o, and o, have the same significance as before. 
(The residual edge free energy e, as defined for the 
model with unrestricted 7 and 7, may be ignored.) 
The free energy of formation is 


Ad, =2arho,+2rr’o,— ar“af, (18) 


from which it is determined by setting dA¢,/dr=0 
that 


o ACs 
t=. (19) 
HAS—2e, 
This leads to 
(fKo,)* 
A¢ds= W\4 . (20) 
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If o, is as small as anticipated, ZAf will generally 
considerably exceed 2¢,, especially at the degree of 
supercooling that corresponds to crystallization tem- 
peratures below 7... (The minimum value of 4Af in 
region B, which is just at 7”, is 40,). Thus, at tem- 
peratures ranging from a little below 7’, to consider- 
ably lower temperatures, eq (20) may be approxi- 
mated as A¢*~ahoe/Af, which, on combination 
with eq (12), vields 

Agen” = t. (21) 
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To the approximation indicated, r* is given by 
o,/Af. Except for the extra factor 7,,/7, eq (21) is 
the same as that derived by Kahle and Stuart [20], 
who arbitrarily assumed that o, was zero. 

It should be remarked that eq (21) in no way im- 
plies that o, is actually zero, but only that it is 
small compared to 4Af. There is no fundamental 
objection from either a theoretical or experimental 
standpoint to the proposition that ¢, may be con- 
siderably less than either o, or ZAf3 

The rate of homogeneous nucleation in region B is 
given by 


oes Nk1 eAS3IR p—AH3/RT g—4T 2h g2/Mh -TATKT (22) 
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where / is again expressed in nuclei sec™! em~*. Here 
AM is the molecular weight of a segment of length 4. 
An estimate of 7, will be given subsequently. 

From an experimental standpoint, the important 
difference between eqs (16) and (22) is that when 
the length is unrestricted, the nucleation term is 
of the form exp|—a/7°AT?|, whereas it is of the 
form exp[—8/7°AT| when the length of the nucleus 
is 4 This difference can lead to an experimental 
decision between eqs (16) and (22). In these 
expressions the constants are a=—870,7o,T','/Ahfk 
and B= rho." Tn" /Ah sk. 


Region C: length restricted to Zo, and radius restricted 
to molecular dimensions 


In region B it will be observed that the radius 
diminishes with lowering temperature as o,/Af, or 
approximately as 1/A7. Eventually, then, 7* will 
shrink to molecular dimensions, just as 7* did at 7,. 
We have (somewhat arbitrarily) chosen a nucleus 
that contains seven polymer chains, i.e., one with 
six ‘surface’? segments and one “‘interior’’ segment, 
as the smallest that may reasonably be treated as 
belonging to region B. If the radius of such a 
nucleus is denoted 7, it is readily found that the 
degree of supercooling corresponding to the lower 
limit of region B, A7,,, is given to a fair approxima- 
tion by 
my F2L im 

Ah;ro 
Thus, the caleulations given previously for region 


B apply between the temperatures 7, and T’,, cor- 
responding to degrees of supercooling of AT, and 
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® The view has been expressed that primary polymer nuclei will always have 
a free energy of formation of 847'»2y?y-/Ah.2AT? (analogous to our 87520 -/Af? 
with the approximate form Af~Ah;AT/T»,), and this has led to the assertion that 
a primary polymer nucleus with fixed length is of an extremely arbitrary char- 
acter. The origin of this view appears to be the belief that expressions of the 
form of eq (21) can be derived only on the basiso.=0. A value o-=0 would tend 
to imply that the parameter y.=RT InD in Flory’s theory [15, 21] was identical 
to zero, and this is generally conceded to be impossible. One of the physical 
reasons for believing y.>0 is very similar to the argument we have given for 
oe >0. Inany event, the derivation of eq (21), which involves a nucleus of fixed 
length, in no way implies that o, is zero, but only that it is small compared to 
/ Af. Thus, neither eqs (20) or (21) stand in contradiction to Flory’s theory in 
this respect, and the concept that a primary nucleus may have fixed length in 
the appropriate temperature interval is in no way arbitrary. We have left out 
of consideration the possibility that y.,which is the free energy of formation of the 
end of an equilibrium-sized crystallite with a cross-section of p chains, may not 
be precisely the same as the free energy of formation of the end of a primary 
nucleus of the same cross section, 








AT.,, respectively. At temperatures below 7,,, 
region C-type nucleation will prevail. 

A rough estimate of AT,. may be obtained by 
setting 7,,=—500° K, o,=10 erg em~*, Ah;=10° 
erg ecm™, and 7y5=7.5X107% em, the latter corre- 


sponding to a polymer crystal with seven segments, 
each 5 A in diameter. In this ease, AT..2%67° C. 
The estimates of 7, and 7., given imply that type B 


homogeneous nucleation should frequently appear in 
the temperature range commonly epee ty to 
crystallization studies in polymers. 

We turn now to a qualitative discussion of the 
nature of homogeneous nucleation in region C. — It 


is necessary to emphasize the fact that unlike /,, 
7) is not to be considered as an “irreducible” value. 
The quantity ry simply denotes the approximate 
radius of the nucleus of critical size at the onset of 
region ©. Actually, an important characteristic of 
region C-type nucleation is that as the temperature 
is lowered further and further below 7... nuclei with 
radii smaller than 7) will tend to form. Eventually, 
critical-sized nuclei that contain five, four, or even 
three segments of length 7) must be expected. It 
will be noticed that the smaller of the region C-type 
nuclei cannot possibly contain a central molecule, 
and may therefore be regarded, at least in a certain 
sense, as partaking mainly of the nature of surface 
states. The “radius” of such small nuclei of 
course, ill-defined. 

An important characteristic of region C is that the 
rate of nucleation in this region, To, will be more 
rapid than would be expected “from an extrapolation 
from region B. The excess primary nucleation rate 
in region C is a result of small embryos present in 
the liquid state that are converted to small nuclei 
when the liquid is cooled near or below 7... This 
effect will lead to an enhanced crystallization rate 
in region C, and deserves brief discussion. At any 
temperature 7, in the liquid state, the free energy 
of formation of an embryo always increases as its 
size increases, in contrast to the case of embryos in 
a supercooled liquid where the free energy of forma- 
tion goes through a maximum so that the embryos 
ean become nuclei, and finally stable crystallites. 
Nevertheless, numerous small embryos (triads, 
tetrads, ete.) will exist in the superheated liquid 
above 7, and the population of such nuclei can 
be estimated by straightforward methods. — (In 
the expressions for A¢, AT’ simply changes sign above 
T,,.) Now when a specimen is rapidly cooled from 
a superheating temperature 7) to a temperature 
T, in the supercooled state, these small embryos 
will persist. Those that are already the size of nu- 
clei stable at 7, will in fact represent a source of 
growth centers at t=0, and those that are subcritical 
in size will provide a ready source of critical-sized 
nuclei after some growth. The effect of the presence 
of such embryos will be negligible in region B since 
the nuclei necessary here are sensibly larger than 
the embryos carried down from 7. Near and below 
T.., however, our calculations indicate that the 
effect of such embryos will considerably enhance 
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the rate of nucleation. The injection of these em- 
bryos will lead to rapid crystallization in the upper 
part of region C. This phenomenon is aptly de- 
scribed as a “nucleative collapse’’ of the supercooled 
liquid state. The authors express the opinion that 
this phenomenon may sometimes be the underlying 
cause of the difficulty commonly encountered in 
preparing amorphous samples of certain crystalliza- 
able polymers by anything but the most rapid 
quenching. At temperatures sufficiently far below 
T.-, the rate of nucleation will have a positive 
temperature coefficient, since here the principal 
deterrent to the growth of the small embryos will 
be the jump rate at the supercooled-liquid—nucleus 
interface. The transition between region B and C 
will almost certainly not be completely abrupt. 

Finally, it is pointed out that the heat of crystal- 
lization, Ah, in region C will be considerably smaller 
than it is near the melting point as a result of the 
fact that this quantity must fall below Ah; in a glass- 
forming system [7]. 

A schematic diagram showing the general type of 
behavior exhibited by the radius and length of the 
critical-sized primary nucleus in regions A, B and C 
is shown in figure 8. The dashed lines on the /* 
curve in region indicate the temperature range 
where effects due to the discrete character of the 
crystallizing segments of length 7) may be expected. 
The dashed line in region A on the 7* curve denotes 


the range where the transition from r*=o,/Af to 
r*—2o¢,/Af is not actually smooth as a result of the 


“quantized” nature of Zin the same region. Details 
of this part of region A have not been given in this 
paper. The dashed line in the r* curve in region C 
is intended to denote the “radius” of the various 
tvpes of nuclei that will form in that region. The 
fundamental reason 7’., well below 7’, that 
o; IS considerably greater than op, with the result 
that /* reaches molecular dimensions prior to 7* 

In the case where o, is larger than we hed pre- 
viously envisioned, and takes on a value where o, 
is close to Z,¢5/27,, region B would be entirely absent. 
Then the system would exhibit type A primary 
nucleation down to a transition temperature where 
the type © initiation would prevail. While such an 
effect is certainly theoretically possible, it is believed 
that o, will rarely be so large as to completely 
eliminate region B, 


Is Is 


5.2. Jump Rate at Supercooled-Liquid—Nucleus 
Interface 


Before proceeding to caleulate G(T) and Z,(7), 
comment on the validity in the present application 
of the jump rate at the liquid-nucleus interface, 
J=(kT/h) exp(ASt/k—AIT/kT), that appears in 
eq (6) and (7), seems appropriate. In the theoretical 
development of Turnbull and Fisher, it was explicitly 
pointed out that this jump rate referred to short- 
range diffusion of atoms or molecules over a distance 
on the order of magnitude of a few Angstrom units. 
[t will be noted that the form of the jump rate 
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Figure 8. Schematic diagram of radius and length of primary 
nucleus in activated state as function of temperature. 


See text for details. 


employed by Turnbull and Fisher is the same as 
that commonly written for the diffusion of an atom 
or molecule from one site to another in a crystal. In 
adopting this form of J in the present application, 
it is thus implicity assumed that the jump rate of 
polymer segments at the interface is of a crystal-like 
character. Although little is actually known of the 
elementary interfacial transport process for either 
ordinary or polymeric crystals, this appears to be 
a reasonable approach. If the erystal-like approach 
is correct for a polymer, it is to be expected, at least 
over a short temperature range, that AS? and A/T} 
will behave as if they are indepe ndent of temperature. 

It is of interest to indicate in the case of a polymer 
what the approximate form of the jump rate would 
be if the viscosity of the supercooled liquid phase 
controlled the interfacial transport process. —Accord- 
ing to the simplified but useful approach mentioned 
by Fox, Grateh, and Loeshak [22], the segmental 
jump rate in a supercooled linear polymer may be 
represented as J;=J)P Pe, where Jy is a frequency 
factor, P, the probability that a segment has suffic ient 
free volume to jump, and Py the probabilit; v that the 
segment has sufficient energy to jump. If we use 
the fractional free volume as defined by Doolittle 


[23], we may write P,=exp [—Vo/(Vi— Vo) ], where 
\) is the specifie volume of the glassy state at 0° K,° 


’ Strictly speaking, the Vo used by Doolittle is called the ‘occupied volume”, 
and is defined as the limiting volume to which a real liquid will contract if it were 
to continue to behave as a nonassociated liquid without change of phase all the 
way to 0° K. 
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and V;, the specific volume of the supercooled liquid 
or glassy state. P, may be written in the customary 
form exp|—*/RT| where E* is a heat of activation 
yt Thus, J; may be written as Jy exp[— Vo/(V;— 

V,) lexp[— E*/RT|. By making use of the remark- 
able viscosity expression discovered by Williams, 
Landel, and Ferry [24], which holds from 7, to 7+ 
100°, together with the concept that »=const./J;, z 
[22], ‘where n is the macroscopic viscosity, it is easy 
to show that P, may be cast in the form exp[—4.12% 
10°/R(51.6+7—T7,)|. 7, is the glass transforma- 
tion temperature. (The constant 4.12 10° is pre- 
sumably in calories per mole of kinetic segment.) 
Thus, near and above 7,, J,xJ, exp[—4. 12 108/ 
R(51.6+ 7—T;,)| exp[—£*/RT]. E* is a_ specific 
property of a given polymer, but the main term, 
P,, contains constants that apply generally to 
glass-forming systems.'° The important point here 
is that the supercooled liquid jump rate is extremely 
temperature dependent, and becomes very  sinall 
near and below 7,. This is illustrated by the fact 
that the overall apparent activation energy of the 
jump rate calculated as /*,,,.=RolnJ,/0(1/T) is 
4.12> 10 T? (51.6+ T—T,)?+k£*, a quantity that 
becomes markedly greater as 7’ diminishes. This is 
in sharp contrast to the behavior anticipated for the 
crystal-like model, which treats A//* as a constant. 
If data indicated that J, should be used i in eq (6) and 
(7) instead of J, the implication would be that the 
segmental jump rate in the liquid played an impor- 
tant role in determining the effective jump rate at 
the interface. It is emphasized that the expression 
given for J; is highly approximate. 

The particular form of the jump rate used in eq 
(6) and (7) is actually fairly unimportant in the 
region where the temperature coefficient of the 
rate of crystallization is strongly negative, i.e., 
where the effect of a nucleation term such as exp 
(—B/T?AT) or exp(—a/T°AT’) is dominant. At 
some lower temperature, the jump rate term finally 
overwhelms the nucleation term, and causes the 
temperature coefficient of the rate of nucleation to 
swing strongly positive. It is in this low-tempera- 
ture region that the jump rate essentially controls 
the rate of crystallization, and where it would be 
important to know its precise form. For the present, 
it is assumed that the expression based on the 
erystal-like model of the interface, J=(k7T/h)exp 
(AS*/k—AITF/kT), is adequate in the temperature 
interval where the temperature coefficient of the 
crystallization is negative. 


5.3. Lineal Growth Rate 


The original conception of two-dimensional surface 
nucleation is due to J. Willard Gibbs. Problems 
in this category were treated in some detail by 
Volmer [25], who specifically postulated that crystal 


10 The constants in the Williams, Landel, and Ferry equation were derived 
empirically on the assumption that #*=0. An expression that applied even 
above 7T,+100° might be obtained by using other values of E*. This would 
probably require a slight revision of the constants in the Williams, Landel and 
Ferry expression for n/nrg. The authors gratefully acknowledge a private com- 
munication from Professor Ferry on this subject. 








growth in low molecular weight materials was a 
result of surface nucleation. The rate at which the 
crystallites grow along the / direction in the present 
vase will be treated from this standpoint, and ample 
evidence given subsequently to substantiate this 
approach. For the sake of clarity, greek symbols 
are used to denote the radius and length of the 
growth nucleus. 

The critical-sized primary nucleus discussed in 
previous sections is subject to two types of growth: 
radial, and that which takes place along the / 
direction. It is clear from the seed crystal experi- 
ments with n=1 that the growth process is one- 
dimensional, and must therefore refer to that which 
takes place in the / direction. If the major part 
of the crystallinity had been introduced into the 
system by radial growth of disk-like objects, then 
a ‘“‘seed crystal” experiment would have vielded n=2 
rather than n=1. Two other facts are now intro- 
duced. The first is that the free energy surface is 
such that an increase of 4 no matter how great, 
will not lead to an increase of stability of a primary 
nucleus if it has a radius of r*. Thus we know that 
the actual growth center formed from the primary 
nucleus of critical size has a radius that must be 
larger than r*. A more detailed theoretical analysis 
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indicates that 7 must be at least several times 
larger than r*. The second fact is that X-ray 


results, to be introduced later, suggest that 7 is 
probably within a factor of two of ahundred A. The 
conclusion that may be drawn from the above is as 
follows. Once the critical size of the primary 
nucleus is attained, radiat growth up to a mean 
radius r, where 7 is considerably greater than 7*, 
takes place in a time that is extremely short compared 
to the generation time 7 of the critical-sized primary 
nucleus. Thus, the actual homogeneously formed 
nucleation center that is effective in the system has 
a radius ~, and a length /* or 4, the latter depending 
on whether the primary nucleation takes place in 
region A or B. The cessation of the rapid radial 
growth (which is almost certainly nucleation con- 
trolled) may be regarded as being a result of edge- 
wise impingements or volume strain. Calculations 
from impingement theory [16] render it highly likely 
that edgewise impingements of thin disks will be 
relatively effective even at a very low degree of trans- 
formation; only an insignificant amount of crystal- 
lization will result from the edgewise growth of 
sufficiently thin disks. It is emphasized that the 
rate-determining step in the formation of the actual 
nucleation center of radius 7 is the formation of the 
critical-sized nucleus of radius r*. The n=2 
isotherms are a result of the formation of growth 
centers of radius 7 and length /* or 4 at uniformly 
later and later dates, and the subsequent one- 
dimensional growth at a rate G@ in the /direction. 
As indicated above, the rapid growth of the pri- 
mary nucleus in the radial direction, G,=dr/dt, is 
almost certainly nucleation controlled. Its rapidity 
suggests that the secondary radial growth nucleus is 
comparatively easy to form in the temperature range 
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of interest here. At sufficiently high temperatures, 
G, could become slow enough to fall in the measur- 
able range. No more need be said of G, for the 
present, since it does not directly lead to detectable 
amounts of crystallization in the particular case 
that we will consider. 

Consideration will now be given to a simple model 
that describes G=d7//dt, the rate of growth in the / 
direction. It is assumed that a secondary or growth 
nucleus of radius p and a fixed length A) forms on 
the end of the crystallite as shown in figure 7(c), 
and that this is the rate-determining step in the 
lineal growth rate. As soon as the growth nucleus 
is formed, the layer of length Ap is quickly completed 
by radial growth on the face of the crystallite. The 
lineal growth process then continues through the 
formation of a new growth nucleus. The fixed 
length Xp is, of course, numerically identical to the /% 
used in the discussion of homogeneous nucleation, 
but this identity will not be emploved for the time 
being. 

The free energy of formation of the growth nucleus 
is 

Ad, Tp doAf. (24) 
Observe that no term involving the free energy of 
formation of the end of the growth nucleus is in- 
cluded in eq (24). This results from the fact that 
the total area of end for the entire crystallite is the 
same before as after the formation of the growth 
nucleus. Thus, eq (24) in no way implies that o, Is 
zero. Note further that no term in e is included. 
This results from the fact that the residual work 
involved in building the outermost convex edge of 
the secondary nucleus, 2zpe, will almost exactly com- 
pensate the residual —2zpe involved in forming the 
concave “edge” at the nucleus-crystallite interface. 
Even without such compensation, the effect of € on 
the result would be completely negligible. By tak- 
ing the derivative of eq (24) with respect to p and 
setting the result equal to zero, it is found that 
critical radius of the growth nucleus is 


Os Af, (25) 


and on inserting this into eq (24), it is found that 
the free energy of formation of a growth nucleus of 
critical size comes to 


A¢z= 
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As before, Afis given by eq (12). The rate of forma- 
tion of the growth nuclei will depend on an equation 
of the form of eq (7), except that the pre-exponen- 
tial factor is treated in a different way. Turnbull 
[26] has shown that the pre-exponential term is in 
this case \k7T/h. Hence, the lineal growth rate in 
cm sec! is given by 


(27) 
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where AS* and AH* are the entropy and enthalpy 
of activation, respectively, of the elementary short- 
range transport process at the growth-nucleus 
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erystal interface. The factor of 2 in the preex- 
ponential was inserted on the assumption that each 
crystallite can grow along both the +/ and —/¢ 
directions. 

The growth nuclei will not show effects in the 
vicinity of the A->B transition such as occurred for 
the primary nuclei at 7, since Ap is fixed in both 
regions A and B. Hence eq (27) is valid in regions A 
and B fora polymer that has an n=2 isotherm result- 
ing from sporadic initiation of centers that grow in 
the /direction. At 7.., p* will have fallen to a value 
p, Which is numerically equal to 7. Thus, in region 
C, the growth nuclei will tend to resemble surface 
states, but no growth nuclei will be carried down 
from above 7°. Thus, the rapid crystallization rate 
postulated in region C is a result of unusually rapid 
primary nucleation rather than unusually rapid 
growth. 

On account of the fact that the growth centers in 
region A will be generated at a greater average dis- 
tance from each other than in region B or C, three- 
dimensional growth of the sporadically born centers 
may develop somewhere in region A. (In some 
eases, three-dimensional growth might begin in the 
upper part of region B.) This will be discussed in 
more detail in section 7. If this occurred, n would 
tend toward a value of 4, and the expressions for G 
and Z would have to be modified. However, up to 
the highest temperature studied, poly(chlorotri- 
fluoroethyvlene) exhibits an n value of 2.0, with the 
result that we need consider only one-dimensional 
growth in the analysis of the present data. Detailed 
evidence showing that the indigenous mode_ of 
growth at temperatures at and below ~205° © can- 
not be spherulitic or three-dimensional will be given 
in section 7. 

It should be recognized that A//¥ is not neces- 
sarily the same as A//}, and a similar observation 
holds for AS? and AS}. Also, it is necessary to 
admit of the following possibilities: (a) the crystal- 
like jump rate may apply to G, while that calculated 
from the free volume theory may apply to J, or 
vice versa; (b) the free-volume jump rate may apply 
to both J and G@. Nevertheless, the crystal-like 
approximation, with suitable values of A//7* and 
AS*, should suffice at high growth temperatures. 
At low growth temperatures where the nucleation 
term is no longer dominant, a decision between the 
various alternatives should be possible, provided 
that precise rate measurements are obtained over a 
sufficient range of temperature. 


5.4. Bulk Crystallization Rate 


The rate constant determining the bulk free 
growth rate, Z:, is shown in appendix 9.4 for the 
case of nuclei born at later and later dates that grow 
in a one-dimensional manner to be 

Z,= (ar?/2)(V,/V 1G. (28) 
Here 77? is the area of the growing face of the erystal- 
lite, V,; the specific volume of the supercooled liquid, 


and \’. the specific volume of the crystal. The 
quantity Z, has the dimensions sec~*, since J is in 
em~* sec™', G@ in em sec™!, and 7 in em. 

The bulk crystallization rate constant takes on two 
distinct forms depending on the type of homo- 
geneous nucleation. In region A, where r and ¢@ 
are unrestricted, combination of eqs (16), (27), and 
(28) vields the result 
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(29) 
(Region A) 


where Z) is t7?7NX Kk? T?/h?M Vv, exp(AS%/R+AS3/R). 
On the other hand, in region B, where Z is restricted 
to the value 4% for the homogeneously formed 
nucleus, 


—(AH*+AH’*) RT aT 2 (Cyt ho)eg/Ah g TATET (30) 
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where Z, is the same as quoted for eq (27). If it is 
remembered that 4 is numerically equal to Xo, the 
last term in eq (30) may be written in the form 
exp (—22T',7doo;", Ah; TA TkT). 


6. Application to poly(chlorotrifluoro- 
ethylene) 


6.1. Preliminary Analysis of Temperature 
Dependence of Z, 


It will be observed from eqs (29) and (30) that 2 
will exhibit a different variation with temperature 
depending on whether the measurements were taken 
in region A or region B. If the homogeneous nuclea- 
tion is of the type postulated for region B, then a plot 
of log Z against 1/7°AT should vield an essentially 
straight line. On the other hand, if the homogeneous 
nucleation corresponds to the type postulated for 
region A, a plot of log Z, against 1/7°A 7? should yield 
a more nearly straight line than a plot of log Z, 
against 1/7?A7T. In all cases, the exponential term 
exp[— (AH*%+AH*)/RT] will have but little effect in 
the temperature range where Z, has a strongly nega- 
tive temperature coefficient. 

Experimental values of Z, and log Z, are given in 
table 3. The values were obtained by analysis of 
the isotherms shown in figure 2 using eq (4). The 
time ¢ required for the sample to reach a certain 
degree of crystallinity x was measured, and Z, 
calculated from the relation Z,=—t~*In (1-x). This 
expression was derived using x».=1. In most cases 
x=0.15 was used, but in others the value x=0.10 
was emploved. At such low x values, Z, proved to 
be independent of the choice of x. The precision of 
the Z, values at 7, >180° C is estimated to be about 
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TABLE 3. Z: as a function of temperature calculated from n= 2 
: isotherms * 


Crystallization Z2 log Z2 
temperature, T2 
ea? sec 
2 b (4.4 10-6) b (—5.36) 
4.80 10-7 —6.319 
1.25 10-7 —6.903 
2.33 10-8 — 7.633 
3.36 107% —8.474 
3.44 10719 —9.463 
6.76 10-12 —11.170 





® For 7:=305° C. 
b Approximate value. 


5 percent, and that at 7,—170° C is believed to be 


0 


better than about 30 percent. 
A plot of log Z, against 1/7°?AT and 1/7°AT®? is 


shown in figure 9. The linearity of the 1/7°AT 
plot leaves no doubt that by far the best representa- 
tion of Z, is that given by eq (30). This indicates 
that J is given by eq (22). Thus, the experimental 
results pertain to region B homogeneous nucleation, 
where r is unrestricted and the length of the primary 
nucleus is %. This is just what was anticipated from 
the rough estimates of 7, and 7,,.. This result, 
when considered together with the fact that the growth 


rate is a nucleation rather than a jump rate con- 
trolled process (see below), also clearly indicates 
that the form of the nucleation term in the expression 
for G, eq (27), is correct with respect to the exponent 
of AT. 

Before proceeding, it is necessary to dispose of 
one possibility that presents itself. It will be noticed 
that if o, were extremely small, eq (29) would take 
on the same form as eq (30), and then lead to the 
1/7°AT-type dependence found experimentally. 
This argument for the correctness of eq (29) in the 
present application is invalid, because such a small 
o, Value would be associated with a very small 
AT, value, and would in any case clearly put the 
experimental data in region B, Le., in the range 
where eq (30) is appropriate. 

The finding that eq (80) provides the best descrip- 
tion of Z, as a function of temperature is not altered 
by any anticipated uncertainty in 7;,. The value 
of T,, used in calculating AT was 221° C—494.2° K. 


The highest melting point actually observed for a 
sample of this polymer was 7”,,=218.0° C. This 


. 
< 


result was obtained on a sample that had been 
crystallized a long time and to a high degree of 
crystallinity at a temperature near the melting point, 
a situation which is conducive to formation of large 


unstrained crystallites. The value 7’,,—218.0° C 
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FIGURE 9. 


The Z, data shown were obtained directly from the »=2 isotherms (see table 3). 
dashed line for 1/T3A T?2 shows the best straight line that can be fitted for this type of plot. 
The best fit is obtained with 1/72A 7, showing that the Z» data refer to region B. 


a least-squares straight line. 


(17 T3aT?) x 10!2 
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Plot of log Z, versus 1/T?A\T and 1/T?AT? used in preliminary analysis of Z). 


AT was calculated using Tm=221° C.’The 
The solid line for the 1/724 T plot.is 


= 
'S 
n 

t 


is, of course, a lower limit for 7',,.. The value 7,,= 
221° © was obtained by a simple extrapolation 
procedure [12], and is almost certainly correct. to 
within +3° C.!' Even doubling this error does not 
alter the conclusion that eq (: 30) rather than eq (29) 
provides by far the best representation of 7,(7). 
The basic reasons that a positive decision can be 
reached between eqs (29) and (30) in this case are 
that the 7, data are reasonably precise, and that the 
relative error in AT is small owing to the high degree 
of supercooling used. Even if 7, is accurately 
known, it would be difficult to differentiate between 
the AT~! and AT~? type bulk crystallization laws in 
the A-+B transition region. 


6.2. Detailed Analysis of I, G, and Z, 


Equation (30) will be used for the detailed analysis 
of Z. Inorder to obtain the best value of (4+ Ay) o,’, 
an estimate of A//*+-A//* must be made. It has 
been observed in careful dielectric studies that an 
activation energy of 16,000 calories mole! holds for 
the principal relaxation time in the crystalline phase 
of poly(chlorotrifluoroethylene) [27]. Nearly the 
same activation energy also appears to apply to one 
of the important relaxation times present in the 
supercooled liquid, suggesting a similar segmental 
motion in the two phases. For the purposes of cal- 
culation it will therefore be assumed that A//* 

Al1*—16,000 cal mole', so that A/H#*+ AIT} 

32,000 cal mole With this value, and the value 
of Ah;,=9.10 10° erg em-* derived from Bueche’s 
measurement [28] of ‘the heat of fusion of the pure 
crystalline phase, which was quoted as 10.3 cal g7! 
it is calculated from eq (30) that 


6996 2.651 * 10'*(4+-XAo) 6.7 


ayn ee (31) 
7 T?AT 


log Z,=log Zo— 


Rearranging, it is found that 


T°AT log Zo T’AT 6996 
t 0 2 . "ieee | yr Li 
(4+ do) os = 9 6575210" 2.651102 | T tlog 22 |, 


(32) 


According to the arguments given earlier, o, should 
be nearly constant with temperature, so that (4 
t\,)o.2 will likewise be constant. The analysis is 
then carried out by inserting experimental values of 
log Z, into eq (32), and determining ri value of log 
Z, that leads to a constant value of (4+ 9)o.°. In 
this manner, it is determined that log Z y 16.47 and 
that (A+-d)o.?=2.31 107° erg? em (best values 
obtained by least-squares On Fis Remembering 
that 4=r, this gives 40,,=0,7=1.15X10~° erg’ 
em“. In order to esate clearly how the results 
depend on Zp, plots of (4+ Xo)o. Versus temperature 
are shown in figure 10 various values of Zp. 
Except for All* + AH*, which had to be estimated, 
(4+Xo) a5" obtained in this manner de pends only on 
An equilibrium melting temperature experiment of the conventional type, 


where very slow heating was used, provided further evidence for believing that 
T» is within the range indicated. 


3 
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known rome and the experimental data. The 

value of (4-+-Xo)o,” is quite insensitive to the choice of 
AH ALS, and the value quoted above may be 
considered a “best”? value. That (4+ 9)? is insensi- 
tive to A//*+-A/H/* is illustrated by the fact that an 
analysis of the slope of the log Z» Versus 1/Tar plot 
in figure 9 yields (4+ X)o.?=1.96 X10~° erg? cm-, 
corresponding to the assumption A//*-+- AH*=0. 
Use of the Williams-Landel-Ferry (free volume) 
jump rate would lead to a somewhat higher value of 
(4+A)o. than that given, but the difference is 
— significant from the standpoint of nucleation 
theory. 
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Plots of (A+ )o2 as a function of temperature 
for various assumed values of Zo. 


FIGURE 10. 


This plot is used in the detailed analysis of Z2(%) to obtain numerical values of 
log Zoand (/o+A0)o.2.. The value log Z=16.47 gives the (Zo+Ao)o.2 value that is 
most nearly constant with temperature. 


The fit to the data of the theoretical curve caleu- 


lated using log Z,= 16.47, abot do) oe= 2.31107 
erg? em, and A/7T}+ AH*=32,000 cal mole! in eq 


(30) is shown in figure 11. The agreement is highly 
satisfactory. The predicted bend off in Z, at “low 
temperatures is due partly to the lowering of the 
jump rate, and partly to the diminution of Af. 

The overall entropy of activation associated with 
the bulk crystallization mechanism, AS*+AS*, may 
be estimated by inserting the numerical value of Zo 
into the theoretical expression for Z. If we assume 


that the crystallizing segment consists of four 
monomer eee so that 4—=h=—107-7 em and M 
—=4116.5=466 g mole, and let F=1X10-*° em, 


and V, 0.473 cm’ g~', it is determined that AS* 
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Experimental points obtained from n=2 isctherms @, theoretical curve 
The dashed lines indicate where region A and C type homogenous nucleation 
may enter. 

+AS#——56.8 cal mole! deg. The value of 7 is 
obtained from the work of Franklin, who has esti- 
mated the size of the ervstallites using X-ray line- 
width measurements [29]. In ecarrving out the 
analysis, Franklin assumed that the line-broadening 
was entirely due to crystallite-size effects. This 
assumption means that the figures quoted are 
minimum values. <A value of 7~200A was obtained 
for a specimen crystallized well into stage 2; the 
value relevant to stage 1 is undoubtedly smaller 
(roughly 50A) as Franklin’s work on quenched 

ry’ ° — 

samples showed. The nominal value 7=100A was 
arbitrarily chosen for purposes of calculation. 
On account of the uncertainty in Ap) and 7, as well as 
the fact that log Z) depends on the choice of A/T* 


+ AH*, the calculated value of AS%+-AS# is certainly 
not very accurate. Nevertheless, it is considered 


certain that AS*%+-AS* is strongly negative. This 
result clearly suggests that for a polymer the acti- 
vated state in the elementary short-range diffusion 
mechanism at the interface is less random than the 
initial state, a not unlikely state of affairs. 

It is of interest to estimate the value of ¢,. This 
requires that 4=X, be estimated. If it is assumed 
that this quantity is 107? em or 10A, which corre- 
sponds to four monomer units, o, proves to be 10.8 
erg cm-*. This choice of 4=, is almost certainly 
within a factor of four of the correct one: the smallest 
conceivable value would be 2.5A, corresponding to 

C 

C 


repeat distance in the chain, while 


the C 
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the largest elementary crystallizing unit that need 
be seriously considered would correspond to the 
spiral repeat length of 35 to 43A reported for this 
polymer [30, 31, 32]. Thus, the above estimate of 
a, should be within a factor of two of the true value. 
Further, the value ¢,=10.8 erg ecm? is quite close 
to what one would expect for a somewhat disordered 
halocarbon crystal. Thus, Thomas and Stavely [33] 
quote o—13.9 erg em for rotationally ordered 
carbon tetrachloride, and = ¢=6.67 erg cm for 
rotationally disordered carbon tetrachloride. 

Another point concerning o, is that it leads to a 
reasonable value of o/AH,, which is the ratio of 
the free energy of formation of a certain amount of 
surface phase to the heat of fusion of the same 
amount of bulk phase [26, 33]. Taking o,—10.8 
erg em *, and assuming that the thickness of the 
surface phase, d,, is one molecule or 5.6A [80, 31] 
thick, o/A/7, comes to 0.21. The usual value of 
this quantity for ordinary molecular crystals is about 
0.3 [83]. The value of o/AH, obtained — for 
poly (chlorotrifluoroethylene) somewhat higher 
than that calculated for certain other polymers [6]. 

A prominent feature of the present data and 
analysis is that Ago? can be estimated directly from 
the n=1 seed erystal runs, which are a measure of 
G. This will provide important evidence for the 
validity of the proposed theory of primary and 
secondary nucleation. 

Some of the n=—1 seed crystal experiments were 
earried out on identically preconditioned samples 
of polymer that were heated to precisely the same 
T, value, and then crystallized at different growth 
temperatures. The above mentioned pretreatment 
introduced the same number and. size distribution 
of seed crystals into each sample. In the case of 
two specimens where no, the number of seed crystals 
per unit volume, is the same, and where 7 is the 


Is 


same, 
Z i (i, t; (33) 
"7 ’ " oe 
Z, Gr; t; 


The subseripts 7 and 7 represent two growth tempera- 
tures, tf; and ¢; the times required to reach a specified 
degree of crystallinity at 7 andj, and G,/G, the ratio 
of the lineal growth rate at the two temperatures. 
{quation (33) is readily derived from eq (A-—10) 
of appendix 9.3, and the properties of eq (4) in the 
region of superposition. 

The method of analysis is illustrated below. 
There is no way to obtain the absolute value of G@ 
from specific volume measurements alone, and the 
treatment used therefore deals with the ratio of 
G@ values. For purposes of illustration we will deal 
with the value of G,/G; where i= 196.2° and j=203.9° 
( listed in table 4. The previous history of the 
samples in pair I was identical, as indicated in the 
footnote of the table. Equation (27) is used for 
the analysis of G. Denoting the pre-exponential 
in eq (27) as G, and assuming it to be constant, 
and taking A/7J*—16,000 cal mole~!, there is ob- 
tained 


] 
log (G,/G;)= 3498 i-i 
« t 


’ 1 1 
2.651 X10!Ago,” | ss = ee ree - (34 
+ 2 oe \0 = E ae j) i2( 7 | ) ) 
where 7=469.4° K and 7=477.1° K. Taking the ex- 


perimental value of G; G, from table 4, it is deter- 
mined from eq (84) that Apo.?=1.02 107° erg? em~, 


fan) 
3 


A value of d,o. of 1.08 x 107° erg? em~* is ob- 
tained from the other run listed in table 4, where 


i=191.5° C and 7=205.2° C. The previous history 
of the two samples was identical, and is described 
in the footnote of the table. The mean value for 


the two determinations is Ayo?=—1.05 « 107° erg? 
em * which is in good agreement with the value 


1.15 & 10° erg? em~* obtained from the analysis of Zs, 
i.e., from the data on the n=2 bulk crystallization 


isotherms. The result leaves little doubt concerning 
the fact that the primary and secondary nuclei in 
region B are energetically nearly equivalent, in accord 
with the theoretical deductions given in section 5. 
The value of Ayo obtained is very insensitive to the 
choice of ATT/*. 


The ratio G/G) can readily be calculated as a 
function of temperature by inserting the values 
AH*=16,000 cal mole and Ayo¢e=—1.15 107° erg? 
em-* into eq (27). This particular value of Ayo. is 
used, even though obtained from the Z, data, since 
it is based on a larger number of experimental 
points. The resulting plot of log (G@/G) versus 


T is plotted in figure 12. The four points shown 
are those obtained from table 4 

The experimental results obtained with the 
seeded specimens leave no doubt concerning the 
fact that G has a negative temperature coe ficient 
between 191.5° and 205.2° C, and therefore 
nucleation controlled in this region as postulated. 
This result also certainly holds for growth tempera- 


is 


tures somewhat above and well below this range. 
At least in this case, then, it is well established 


that it would have been in error to assume that G 
was everywhere diffusion controlled, i.e., possessed 
a positive temperature coefficient as for G&G) exp 
(—EZ/RT). 

The ratio J/J, is now determined. It will be 
observed from eqs (22) and (27) that J//Jo, where 
I,=(NET/AMV,) exp(AS#/R), has precisely the 


values of @ for Ty=215.6°C =a 
seed crystal isothe rms * 


Table 4. Relative from n 


Growth Time required | Ratio of 


temperature, to reach growth rates, 
T2 x=0.15 ¥3/Gj 
nd sec | 
{196.2 9.30102 |) Gis6.2° _ - 
1) San ind ~ 74 
203.9 6.90X 10 J Gan3.9 
{191.5 2.43 102 oe CT ae 
I) 995°2 381x105 |! Guy OP 





* Previous history prior to heating to 215.6° C: n=2 run carried well into stage 
2 with 7;=305°, T2=188° C for pair I, and 7;=305°, T2=180° C for pair IT. 














a T T 
-1OF 4 
-|2- nl 
a] 0 
© 
{e) 
per 
a -I4F 4 
° 
ole 
oO 
oO 
pa 
-I6 = _ 
-18 S _— 
-20 1 1 is 
140 160 180 200 220 
TEMPERATURE ,°C 


Friaure 12. Log I,/Iy and log G/Gy as a function of temperature. 


The experimental points @ refer to G/Go values obtained from the n=1 isotherms. 
The dashed portion of the curve shows where the theoretical curve for Jg/Jo may 
become invalid owing to the onset of region C type primary nucleation, 


same form as G/G). If AHF is set equal to A/T%, 
then the plot shown in figure 12 for log G@/G) is valid 
for log J/J, as well, and has been so labelled. The 
plot of log 7/7) applies in region B only, so J-=TJz,. 

It should be realized that the determination of 
the actual values of Z, as a function of temperature, 
together with our direct knowledge of the relative 
values of G as a similar function, is tantamount to 
an experimental determination of the temperature 
dependence of J. This is a result of the fact that 
7, is proportional to 7G. Thus, the values of log 
T/I, in the interval 191 to 200° C shown in figure 12 
may for all practical purposes be regarded as experi- 
mentally determined. The error at somewhat higher 
temperatures, as well as that down to 170° C is 
probably small. The log J/J) versus T curve plotted 
in figure 12 cannot be reproduced even for a restricted 
temperature interval using eq (16) with any choice 
of o,’a,. Only eq (22), whic h has a 1/7°AT-type 
dependence on temperature, can reproduce the data. 


‘6.3. Dimensions of the Nuclei and Crystallites 


In region B, the radius of the primary nucleus 


of critical size is given by r*=o,/Af. Calculations 
using the previously mentioned value of o, give 


r*=12.8A at 170° C, and r*=29A at 200°C. Thus, 
the activated state contains segments from about 
20 polymer chains at 170°C and about 100 chains 


at 200° C. The critical radius of the secondary 








nucleus, p*, is the same as r*. Remembering that 
A= ™@10A, both the primary and secondary nuclei 
of critical size will always have the physical ap- 
pearance of a flat cylinder, or platelet, since r*>/ 
and p* >. 

The crystallites in poly(chlorotrifluoroethylene) 
have a “grown” radius in stage 2 of about 200A, as 
determined by X-ray studies [29]. The mean radius 
to which the primary nuclei rapidly expand in stage 
1 before they begin to grow slowly at a rate G along 
the /direction is less than in stage 2. As indicated 
varlier, 7 is roughly 50A in the early stages of the 
crystallization, though it must again be pointed out 
that the estimates of 7 depend on the assumption 
that the X-ray line-broadening was solely due to 
crystallite size effects; the existence of disorder in 
the crystal could cause the estimates of 7 to be too 
low. In any case, the primary nucleation event 
leads to growth centers that are platelets with 
radii which are nominally 50 to 100A, and with 
a thickness (called 4 in our notation) of about 10A, 
The mean length to which these grow, 7, cannot be 
accurately determined from the present data, since 
in the region of superposition, 


- Gt_ Gx"? . 
(= 5) = 97.1 ? fe 


and absolute values of Gare not available. It would 


probably be reasonable to assume that / was of the 
same order of magnitude as 7, but nothing in the 
present treatment renders this certain. It would 
appear to be reasonably certain, however, that the 
length of most of the crystallites does not exceed 
the 2 samples 


500 to 1000A, since otherwise n=2 
would scatter more visible light than they do. It is 


of some interest to note that the predicted shape of 
the “grown” crystallites in the bulk polymer is in 
a general sense roughly cylindrical (plate-, drum-, or 
fiberlike) with the long axes of the polymer molecules 
normal to the radius, and that this does not depend 
on special mechanisms such as chain folding. Im- 
pingement theory requires a distribution of lengths 
and radii for the grown crystallites. 

When the rate of primary nucleation in regions A 
and B is considered in relation to the rate of growth, 
together with the nature of impingements, it is 
readily seen that the mean size of the “grown” 
crystallites will be smaller in region B than in region 
A. Thus, the A->B transition should be accom- 
panied by a decrease in crystallite size that is de- 
tectable by X-ray methods. The temperature de- 
pendence of the “grown” radius should bear a_re- 
semblance to the r* curve in regions A and B shown in 
figure 8, except of course, that the scale of the abscissa 
will differ in the two cases. A similar effect would be 
noted at a B-+C transition. If region B is absent, as 
for ¢,=/o0;/279, a noticeable drop in mean crystallite 
size would appear at the A->C transition. The crys- 
tallites formed in region C will be extremely small. 
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6.4. Regions A and C 


The present theory of homogeneous nucleation and 
growth would be strengthened further if it could be 
shown that nucleation typical of regions A and ( 
existed in poly(chlorotrifluoroethylene ). 

Definite evidence of an anomaly in the bulk 
crystallization rate below 170° C ascribable to region 
(-type nucleation has been obtained. Cooling rate 
studies carried out with thermocouples embedded in 
sheets of poly(chlorotrifluoroethylene) indicated that 
if they are first heated to 305° C and then plunged 
in ice water, specimens ~2mm thick can be cooled 
through the temperature interval 170° to 120° © in 
five seconds. According to the theoretical curve 
shown in figure 12, Z.(,) never becomes more than 
about three times greater than it is at 170° © at 
any lower temperature. If this theoretical curve 
were applicable at) such temperatures, a simple 
calculation shows that it should be easy to quench 
samples of the polymer that are ~2mm thick into 
a practically completely amorphous state using the 
technique indicated. On the contrary, specific 
volume measurements on clean samples ~2mm thick 
that had been quenched in ice water from 305° © 
invariably showed that they possessed x values close 
to 0.39. This meant that they had completely 
traversed stage 1 in five seconds or less somewhere 
between 170° and about 120°C. (It ean be shown 
experimentally that crystallization temperatures 
lower than about 120° C need not be considered 
(see below)). These results can only be explained 
by a log Z, value that is at least three decades higher 
than the theoretical one somewhere between 170° 
and 120° ©. Our conclusion is that there must exist 
between 120° and 170° Ca region of rapid eystalliza- 
tion that is not to be identified as belonging te 
region B. This conclusion can be shown to hold 
even if a value of A//,+A/7/3=0 is used in the 
analysis of Z. Furthermore, the value of 7, between 
120° and 170° © estimated from the quenching 
experiments would appear to be too large to be 
reconciled even with any reasonable visual extrapola- 
tion of the Z,(,) data actually observed between 170° 
and 200° ©. It may therefore be concluded that 
the rapid type of nucleation postulated for region C 
exists in this polvmer, and that 7;,=145+25° C. 
The 7., value estimated from eq (23) with o.=10.8 
erg em? and ry) =8.4 «1075 em, the latter correspond- 
ing to a primary nucleus with seven segments, Is 
about 150° C. 

In passing, it should be remarked that it is possible 
to obtain highly amorphous specimens by quenching 
sufficiently thin films. For instance, a film 0.12 mm 
thick gave x=0.10 when heated to 250° © and then 
plunged into ice water. Samples of this type begin 
to crystallize slowly when reheated to 100 to 120° C; 
this suggests that the rapid crystallization charac- 
teristic of region C must take place above 120° C. 
Clean films 0.08 mm_ thick, when quenched in a 
similar way, should be less than 1 percent crystalline. 
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The asymptotic specific volumes obtained by quench- 
ing various thin films have given additional 
support to the validity of the expressions for Vand 
V, obtained in a previous investigation [2]. 

Another point of interest here has to do with two 
effects that may limit attempts to observe the 
existence of C-type nucleation in other polymers. 

For any reaction that has a negative temperature 
coefficient, such as the nucleation or growth process 
in region B, the heat liberated in the reaction will 
often not be conducted to the external medium 
with sufficient rapidity, with the result that the 
reaction will tend to slow down. This will cause 
the rate of reaction, when plotted as a function of 
temperature, to possess a broad plateau rather than a 
sharp peak. This effect is well-known in crystalliza- 
tion mechanisms [26]. In such a case, a considerable 
portion of the low-temperature part of the rate 
curve belonging to region B—as well as the transition 
to region C-—will not be directly observable.  Be- 
cause of the remarkably low heat of fusion involved, 
and the comparatively modest rate of erystalliza- 
tion in region B, this obstacle did not arise in the 
vase of poly(chlorotrifluoroethyvlene), but it is to be 
anticipated in other cases. In some polymers, the 
A>B transition may be obscured by a high rate of 
crystallization. 

Another circumstance that may cause region C 
to be unobservable is the following. It may happen 
that the rate of crystallization in region B will have 
already gone through its maximum, and thus become 
immeasurably slow prior to the transition to region 
C. This will tend to occur for polymers where 
o;/Ahjro is large. 

No evidence of the existence of region A was 
found, but this is almost certainly because measure- 
ments were not made. sufficiently close to T,. 
The present work indicates that 7, is above about 
205° CC, which implies, through eq (17), that o, is 
less than about 0.75 erg em~*. Even if 7, were just 
at 205° C, crystallization studies of considerable 
duration would be necessary to obtain the Z, values 
characteristic of region A. Even a search for the 
onset of region A-type homogeneous nucleation in 
this polymer is not a particularly inviting prospect 
because of the long experiments that would be 
involved. 


6.5. Summary of Results 


It is convenient at this point to summarize the 
essential results pertaining to the theory of 7, G, and 
Z,, and the prediction of the stage 1 isotherms. 

In the temperature range 170 to 205° C, which 
is in region B, the cylindrical critical nucleus has a 
fixed length 4 and a variable radius r*=o,/Af. The 
fundamental physical reason that a fixed length 
4 must be used is that in a higher temperature 
region, A, the critical length /* decreases approxi- 
mately as 1/A7, and therefore falls toward a mini- 
mum dimension 4; 7* approaches 4 at a relatively 
high temperature, 7, because of the smallness 
of o, in the expression /*=4¢,/Af. The existence 
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of an irreducible segment length “4% is demanded by 
the discrete character of the links that comprise 
the linear polymer chain. Region B commences 
when /* reaches 4, and comes to an end at a much 
lower temperature, 7’... where the critical radius 
of the nucleus, r*=o,/Af, falls to a value of molecular 
dimensions, 7». The wide range of temperature 
encompassed by region B is a result of the fact that 
a, is considerably larger than oy. 

The rate of injection of the nuclei into the super- 

cooled liquid phase in region B is given by 

Ip= I, et ‘RT etm ho 5? [Ah sTATKT (36) 
The homogeneous nucleus arises spontaneously at 
random times and positions in the supercooled 
liquid as a result of alinement of segments of dif- 
ferent polymer molecules. The last term in eq 
(36), ie., the nucleation term, dominates the tem- 
perature dependence of J in the experimental range 
studied. The term exp(—A/H?/RT) controls the 
short-range diffusion process at the supercooled- 
liquid—nucleus interface. The critical nucleus 
grows in a radial manner up to a mean radius 7 
in a time that is very short compared to its own 
birth time. Here it stops growing radially due to 
impingements or volume strain. Thus, the actual 
homogeneously induced nucleation center has a 
radius 7 and a length 4, where 7>4. It thus re- 
sembles a platelet or flat cylinder, where the long 
axes of the polymer molecules are normal to the 
radius. An equation differing from (36) because 
it is based on a nucleus with unrestricted / will 
apply near 7’, 

The homogeneously injected nucleation center 
grows along the /direction, i.e., the platelet thickens. 
The lineal growth process by which the platelet 
thickens is controlled by a secondary or growth 
nucleus of radius p*=o,/Af and length X. (The 
quantity A» is numerically equal to 4.) The lineal 
growth rate is given by 


G=G €-AHS/RT ¢~- aT p2doo g/t p TATE. (37 


The temperature dependence of G@ is controlled by 
the nucleation term in the experimentally accessible 
range, so that G, just like 7, has a negative tempera- 
ture coefficient. The lineal growth process eventu- 
ally stops, or at least slows down markedly, as a 
result. of impingements at the pseudoequilibrium 
degree of crystallinity, xn. 

The overall crystallization rate is proportional to 
the area of the growing crystal face, the rate of in- 
jection of nuclei, and the lineal growth rate. The 
quantity Z, in the expression x’=Z,t?, which is that 
appropriate to one-dimensional growth of objects 
born sporadically in time, is thus proportional to 
mr? 1G. Hence 


P ry —(AH*+AH*)/RT_ —2T 20, +29)0,2/Ah-TATET 79.0) 
a -Z ¢ AH; AH, RT, tT m2 (Cyt 9)o,2/A -TAT ai (38) 


2 isotherms, so 


7, is directly measurable from the n 
The nucleation 


that (A+-r»)o2 can be evaluated. 








be determined from the | 


exponent in G can n 
seed crystal isotherms, and go,? also evaluated 
directly. This latter value proves to be very nearly 


the same as the Ayo? value calculated from the Z, 
data using 4,=)p. Thus, the nucleation exponents 
in eqs (36 to 38) are shown to be in the ratio 1:1:2, as 
required by the theory. This provides a strong 
argument for the validity of the present approach. 

The original »=2 isotherm data up to x=0.3 can 
be reproduced extremely well by inserting 
the appropriate parameters gathered together. in 
table 5 into eq (38), 
temperature, and then calculating the isotherms for 
each temperature using the expression x—[1—exp 
(—Zot?)|, 1.e., eq (4) with x,=1. Furthermore, the 
observed temperature dependence of G can be repro- 
duced by using the appropriate input data with 
eq (37). 
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TABLE 5 Input data and su mmary of results 


| 


Quantity Value and units Remarks 





Input data 





T'm 4$94.2° Kk From melting point studies [12] 

\ 0.473 em3g-! Mean value for temperature range 
170° to 200° C [2] 

V1 0.522 em3g-! Do. 

Ahy 9.10108 erg em-3 Calculated from Bueche’s value 
AH;=10.3 eal g [28], and V- 

AH 3+AlI 32,000 cal mole-! From dielectric data [27] 

AH; 16,000 cal mole-! Do. 

ARN 1010-8 cm Based on assumption crystallizing 
segment contains 4 monomer 
units 

M 4 116.5=466 g mole! Do. 

7 ~100X 10-8 em From X-ray data [29] 

d 5.6 10-3 em From X-ray data [30, 31] 

r 8.4 10-5 cm For nucleus containing seven 
segments 

Results 
So+d ° {1.96 10-5 erg? em-3 From Z) data with AH7,+A\H%=0 
eaparon (2.31 10-5 erg? em-3 Best value from Z» data AH; 
+AH $=32,000 cal mole 
Coo 2 ya . . 5 
r : pls <10-5 erg? em-3 Best values from Z»2 data calculated 
as (Jo+ do) o02/2 
doo? 1.05 10-5 erg? em-3 From G data 
log Z 16.47 Best value from Z» data 
ASS+AS; —56.8 cal mole deg-) Do. 
10.8 erg em-2 Do. 

o/AHy; 0.21 

* f12.8*10-§ em at 170° C For o,.=10.8 erg cm-2 
129 10-8 at 200° C 

wns 205° C : 

Ce <0.75 erg em-2 Based on T'- 

T. f145+25° C From quenching studies 

i {~150° C For o.=10.8 erg cm’, m=8.4 
x 10-3 cm 
a The quantity 7 is about 50A in stage 1, and about 200 A in stage 2. All val 
ues of r quoted in the paper were calculated on assumption X-ray line 


broadening was a result of crystallite size effects. 


7. Bulk Crystallization and Spherulitic 
Growth 


The principal objective of this section is to dispel 
any notion that the intrinsic bulk crystallization 
process in poly(chlorotrifluoroethylene) is of a 
spherulitic character, or in any other manner involves 
spherical growth, in the temperature range studied. 
The remarks given below concerning the absence of 
indigenous spherical growth in this polymer thus 
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refer specifically to region C, and region B up to 
~205° C. The possibility that intrinsic spherical 
growth may develop in region A will also be dealt 
with briefly. 

It was demonstrated in section 3 that when poly- 
(chlorotrifluoroethylene) is crystallized subsequent 
to strong superheating, the bulk crystallization 
accurately follows an n=2 law. This value of x is, 


of course, inconsistent with spherical growth gen- 
erally; the latter leads to n=3 for objects born at 
#0, and n=4 for objects born sporadically in time, 


However, for low degrees of superheating, the 
isothe ‘rms are in fact quite closely represents able by 


ann=3law. Anexample is the 7;=245° C isotherm 
shown in figure 1. It must be clearly understood 
that the n—3 behavior in such a case is beyond 


doubt connected with the presence of heterogeneities, 
This is shown by the facts that (a) as is evident in 
figure 1, increased superheating leads to slower 
crystallization at a given growth temperature which 
must result from the destruction of embryos. in 
fissures in the heterogeneities and (b) that as these 
embryos are progressively destroved by increased 
superheating, the isotherms go from m3 asvymp- 
totically toward n=2. The only meaning that 
we can attach to the above is that spherical (7 =3) 
growth originates only at embryos retained on 
heterogeneities. The above is consistent with the 
idea that the m2 isotherm tis an intrinsic property 
of the polymer. 

Although the evidence cited above quite 
sufficient to completely eliminate all forms of 
spherical growth (including the spherulitic) as the 
intrinsic crystallization mechanism in poly (chloro- 
trifluoroethylene), it is still of interest to prove this 
directly for the specifie case of spherulites in order to 
further corroborate the point of view expressed here, 
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It has been demonstrated by Price [9] that 
spherulites in this material must originate at hetero- 
geneities. In successive runs, virtually all of the 


spherulites reappeared at the same site. Further, 
Price demonstrated that the number of spherulites 
present in a sample depended strongly on the degree 
of superheating, the number decreasing sharply with 
increased superheating. This shows conclusively 
that the spherulites were born specifically at embryos 
in fissures or pores in the heterogeneities, as Price 
points out. Allof the above experimental results of 
Price have been confirmed for the spherulites that 
appear in the specimens used in this investigation 
[10]. In particular, most of them are born near 
#0 even in strongly superheated specimens. If sphe- 
rulites born near t=0 were the main seat of the eryvs- 


tallization in the system the bulk crystallization 
would follow an n=3 law, since the radial growth 


rate is constant with time. 

The fact that the spherulites originate at hetero- 
geneities, and decrease in number with increased 
superheating, is completely in accord with the re- 
marks given above concerning the absence of in- 
trinsic spherical growth eenerally. As the number 
of spherulites is decreased through the agency of 
increased superheating, the 7 values characterizing 
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found in this substance in the 


the corresponding bulk crystallization isotherms go 
from n=3 (or n=3* if low growth temperatures are 
considered) down to n=2. The value n=2 must 
therefore correspond to the case where the effect 
of spherulitic growth is nil, 

Further evidence showing that spherulites cannot 
be at the root of the intrinsic bulk crystallization in 
the n=2 runs ean be given. As indicated in section 
2.1, the specimens for which the reproducible iso- 
therms were obtained actually still contained from 
10 to 30 spherulites/mm* even after superheating to 
305°C. While the corresponding isotherms were 
n—2, which eliminates the possibility of the domi- 
nance of spherical growth generally, it was still con- 
sidered of interest to compare the volume fraction 
of spherulites with the known (bulk) degree of 
crystallinity known to be present in such samples. 

It is possible to demonstrate that the volume 
fraction of spherulites in the relatively early part 
of the crystallization of the n=2 specimens lags 
behind the volume fraction actually known to be 
crystallized even when the spherulites are reckoned as 
solid objects (10.2 Even a casual microscopic exami- 
nation with polarized light shows that the spherulites 
in poly(chlorotrifluoroethylene) are far from solidly 
crystalline. This is especially true for spherulites 
that are formed at high growth temperatures. In 
the latter case, the spherulites are almost  trans- 
parent, and the characteristic maltese cross barely 
discernible, despite the fact that the spherulite 
boundaries are clearly visible. Thus, the volume 
fraction of truly spherulitic material must lag far 
behind the actual volume fraction crystallized. On 
the basis of the above information alone, it can be 
concluded that spherulites cannot possibly be the 
seat of the crystallization in the n=2 specimens. 

Another point worth mentioning is that it is pos- 
sible to prepare highly crystalline samples (.>0.60) 
of polyv(chlorotrifluoroethylene) that contain no 
spherulites whatever, and are optically clear [2]. 
Spherulites never appear in this polymer below 
~ 150° C, even though the necessary heterogeneities 
are present [9]. This may be attributed to the onset 
of region C-type homogeneous nucleation, which 
simply overwhelms the spherulitie growth. The 
optically clear and highly crystalline samples just 
mentioned were made by first “quenching” them 
from 305° C to 0° C, which for samples of the thick- 
ness used amounts to nucleation and growth up to 
stage 2 in region C, and then continuing the crystal- 
lization at a higher temperature in order to take ad- 
vantage of the increased velocity of stage 2 in that 
region (see figure 2). 

It may be coneluded that neither spherical nor 
spherulitie growth is dominant in the intrinsic bulk 
crystallization process in poly(chlorotrifluoroethylene ) 
below ca 205° C. The evidence points without excep- 
tion to the fact that the vast majority of spherulites 
temperature range 
mentioned are to be regarded as artifacts, directly trace- 

2 This finding eliminates from consideration spherulites born at t=0 whose 
crystal content develops as n=2, but whose optically apparent volume develops 
as n=3. Spherulites of this type, where the crystal density attenuates with 


growth, are also improbable for the reason that in specimens where spherulites 
born at /=0 are extremely numerous, the bulk crystallization follows an n=3 law. 


93 


able to heterogeneities, that can be eliminated to a suffi- 
cient degree by appropriate superheating and selection 
of samples. While the few spherulites that are present 
appear at first sight to be so obviously the seat of the 
crystallization in the n=2 specimens, careful con- 
sideration of the facts proves this to be incorrect. 

The crystallinity in the n=2 specimens consists 
of vast numbers of tiny crystallites that are dispersed 
throughout the polymer. These crystallites must 
possess a distribution of sizes, but the majority of 
them are evidently too small (less than ca.1000 A) 
and randomly oriented to be detected easily with a 
polarizing microscope. The weakly translucent 
appearance of many of the n=2 samples is mostly a 
result of stray spherulites. The intrinsic bulk erystal- 
lization in poly(chlorotrifluoroethylene) in region C 
and region B up to ~205° C resides in the essentially 
optically structureless background. The overall gray 
cast with a somewhat grainy texture that is often 
seen in samples of poly(chlorotrifluoroethylene) with 
a polarizing microscope is due to surface nucleation 
[11], and should not be confused with the ultra-fine- 
grained bulk crystallization which does not scatter 
visible light to a marked extent. The ultra-fine- 
grained crystallization mentioned here is evidently 
of the same general type that is frequently encoun- 
tered in X-ray investigations on other semicrystalline 
polymers. 

The crystallites in the n=1 seeded specimens are 
larger than those in the n=2 specimens, since the 
former samples have a chalky-white rather than 
weakly translucent appearance. This occurs because 
the largest centers are selected for regrowth for 
samples seeded in the manner described. 

The possibility that intrinsie spherical growth 
may develop in region A will now be considered. 
Although it was not feasible to determine either 7 or 
the rate of crystallization in this region for poly- 
(chlorotrifluoroethylene), the remarks below are 
nevertheless appropriate in view of the fact that a 
plausible case can be made for homogeneously- 
initiated spherulitic growth near the melting point of 
certain polymers (see for example the work of 
MelIntyre [34], and McIntyre and Flory [35]). It is 
interesting to note that Flory and MeIntyre achieved 
homogeneous initiation only for filtered samples that 
had been superheated prior to crystallization. 

It will be observed from a comparison of eqs (16), 
(22), and (27) that the ratio of the rate of injection 
to the rate of growth will be much smaller in region A 
than in region B. When this fact is considered to- 
gether with the nature of impingements, it is seen 
that the average (grown) crystallite size will be con- 
siderably larger in region A than it is in region B. 
The authors consider it unlikely, owing to the effect 
of various possible imperfections, that a polymer 
crystal will grow to really large size along the simple 
pattern established for small crystallites. If some- 
where in region A the homogeneous nuclei are formed 
sufficiently far apart, the growth in either the 7 or Z 
direction should often develop as the result of some 
type of imperfection a number of branch points 
prior to impingement, with the result that the 








growth will become three-dimensional. In_ this 
event, the isotherm would go progressively from 
n=2 to n=4, the latter corresponding to three- 
dimensional (possibly spherulitic) growth of objects 
born sporadically in time. No detailed consideration 
will be given to the possible origin of the branching 
mechanism, but the following may be mentioned: 
(a) Faults due to chain branching or large chain ends; 
(b) spiral dislocations; (¢) secondary nucleation at 
preferred sites or orientations; (d) evasion of certain 
types of impingements; and (e) preferential primary 
nucleation at certain sites [34, 35]. 

It is conceivable that the tendency toward three- 
dimensional growth could) begin somewhere in 
region B, especially if the branches developed early 
in the growth of a crystallite. The point here is 
that the change-over from region B to region A-type 
homogeneous nucleation will not necessarily be 
marked closely by the change of n from 2 to 4, or by 
the onset of intrinsic spherulitic growth as observed 
by microscopic examination. This will be par- 
ticularly true if chain ends are the cause of the 
branching mechanism leading to three-dimensional 
growth, for here the inception of such growth will 
depend on molecular weight. 

Our conclusion is that intrinsic spherical (and 
possibly spherulitic) growth with n=4 neither 
theoretically forbidden by the present scheme, nor 
even unlikely, especially at temperatures sufficiently 
near 7',. Another point that cannot be emphasized 
too much is the probable role of impingements in 
determining the mode of growth of polymeric 
crystals. 
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8. Concluding Remarks 


Now that the experimental and theoretical dis- 
cussions of J, G, and Z, have been given, and the 
role of spherulitic or three-dimensional growth 
placed to its proper position for poly (chlorotrifluoro- 
ethylene), it is convenient to take up two questions 
that deserve consideration. The first of these has 
to do with the extent to which it may be believed 
that an intrinsic property of the polymer was studied. 
The second deals with the possible application of 
the theory to other systems. 


8.1. Evidence for Homogeneous Nucleation 


It was shown by a comparison of the n=1 and 
2 results that the primary nuclei must have been 
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n 
born at later and later dates. Such behavior is a 
characteristic of true homogeneous nucleation. It 


is also a characteristic of pseudohomogeneous nuclea- 
tion, where growth centers may be born at essentially 
later and later times, at least early in the transforma- 
tion, on flat surfaces that are only slightly wettable 
by the crystalline phase. (Nonwettable hetero- 
geneities are inactive as nucleation centers.) Now 
it is certain from the superheating studies shown in 
figure 1 that some heterogeneities are present even 
in the best specimens, and that they are wettable 
to a certain extent. Therefore, it is necessary to 
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consider the possibility that the nuclei that were 
born later and later in time in the n=2 runs which 
were obtained subsequent to strong superheating 
were of pseudohomogeneous rather than homo- 
geneous origin. 

Strong evidence that points directly to a pre- 
ponderance of homogeneous initiation in the n=2 
runs is afforded by the fact that the nucleation 
exponents in eqs (36 to 38) are found experimentally 
to be very nearly in the ratio 1:1:2.. This means 
that the o, value in the expressions for /, G, and 
7, must refer to the same quantity in all cases. If 
the o, value in the expression for J was in fact an 
interfacial free energy of the system crystal-+ foreign 
substrate, (i.e., of the form o,f(cos 6), where @ is 
the contact angle) it could not, in view of the proven 
wettability of the heterogeneities, be so nearly the 
same as the o, value found in the expression for 
G, the latter obviously applying to the supercooled- 
liquid —erystallite interface. The o, values de- 
termined independently from the Z, and @ data are 
within 5 percent of each other. The small difference, 
which is in the wrong direction to be explained by a 
cos #@ term in the expression for J, 1s ascribable to 
the experimental error in’ G;/G@). 

Another point favoring homogeneous nucleation 
in the n—2 runs is that the o, value obtained ts in 
consonance with the observed surface free energies 
of chemically similar but low molecular weight ma- 
terials [33] where the experimental conditions were 
clearly those conducive solely to homogeneous nu- 
cleation. However, this argument is by no means 
conclusive when considered by itself, especially in 
view of the fact that o, depends on the estimate of /. 

A simple calculation based on the X-ray results, 
and the fact that the crystallites do not scatter light 
toany great extent, show that there must be at least 
10 of them in a cm? of polymer. Such a result is 
easily understood in terms of the homogeneous ini- 
tiation and secondary growth scheme proposed in 
this paper: the ratio of the rate of injection to the 
rate of growth is such that a very fine-grained 
crystallinity is expected at the point of massive 
impingement. In order to revive the idea that the 
primary nucleation is actually mainly pseudoho- 
mogeneous, it would be necessary to postulate that a 
population well in excess of 10" thermally stable and 
very weakly wettable foreign bodies existed in each 
cm® of polymer. These foreign bodies would have 
to be very weakly wettable in order to lead to essen- 
tially sporadic initiation, and in order to explain 
the fact that o, was the same when calculated from 
Z,and G. The spherulite-producing heterogeneities 
are not only far too small in number, but are also 
much too wettable to be identified with any hierarchy 
of foreign particles capable of leading to  pseudo- 
homogeneous initiation of ~10" crystallites per em’, 
While we do not completely discount the possibility 
that a set of >10" barely wettable and thermally 
stable centers for pseudohomogeneous nucleation 
may exist in each em’ of polymer, the existence of 
such a prodigious number of them with such special 
physical properties appears to us rather unlikely. 
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The existence of the ultra-fine-grained crystallinity 
seems more readily explained in terms of a homoge- 
neous Initiation mechanism. 

An effect that might be expected in the case of 
pseudohomogeneous nucleation would be a shift of 
n with growth temperature. This would occur as a 
result of a decrease of wettability of the heterogenei- 
ties with falling temperature. The excellent super- 
posability obtained with the n=2 isotherms attests 
to the fact that n does not shift appreciably with 
temperature. This is also shown by the n values 
listed in table 1; within experimental error, there is 
no persistent trend in the data. 

When considered together, the arguments cited 
above provide substantial reason for the belief that 
the injection of primary nuclei in the #2 runs 
was mostly a result of true homogeneous nucleation. 
It is emphasized that this holds only for those speci- 
mens that were carefully selected so that they con- 
tained a minimum number of heterogeneities, and 
which were strongly superheated prior to crystalli- 
zation. 

The samples of poly(chlorotrifluoroethylene) com- 
monly available usually contain so many heteroge- 
neities that even strong superheating is relatively m- 
effective, with the result that the intrinsic properties 
of the polymer remain hidden in bulk crystallization 
studies on such material. This type of material is 


generally highly spherulitie when crystallized, and 
follows an n~3 bulk crystallization law. 
8.2. Application to Other Systems 
It seems appropriate to mention certain rami- 


fications of the present theory that may have an 
influence on any attempted application to other 
systems. 

One likely deviation from the present analysis will 
be caused by variations in the mode of growth. This 
will have an effect on n, and the analysis of the 
growth rate. It is emphasized again that the value 
n—2, which prevailed in the case of poly (chlorotri- 
fluoroethvlene), intimately related to both the 
nature of impingements and to the relative rate of 
nucleation and growth. The impingements stopped 
the rapid radial growth of the thin disks at 7 before 
any serious branching took place. The relatively 
high rate of primary nucleation led to early edgewise 
Impingement, and the amount of ervstallization in- 
volved was negligible because of the thinness of the 
disks. As a consequence, the observable growth 
process was one-dimensional. Such a set of cir- 
cumstances, while possibly common, is certainly not 
to be expected in all erystallizable linear polymers, or 
even in a given polymer over an extremely wide 
range of temperature. 

It has already been pointed out how intrinsic 
spherical growth leading to an n=4 bulk erystalli- 
zation isotherm might develop in region A, or per- 
haps in the upper part of region B if the primary 
nuclei were formed sufficiently far apart. It remains 
to be mentioned how a bulk crystallization isotherm 
with n= could prevail under homogeneous nuclea- 
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tion conditions. If the radial growth process 
described by G, were of measurable magnitude, and 
the thickening of the platelets along the 7 direction 
relatively much slower, then an n=3_ isotherm 
due to radial growth of disks born sporadically in 
time would result up to the point of impingement. 
Such a condition may be best fulfilled in region A 
where the primary nucleus is rather large, and the 
rate of injection low. Lengthwise growth of the 
nuclei may tend to be ‘‘poisoned”’ by the advent of 
end-groups that are too large to be accommodated 
even in a disordered crystal. The point here is 
that n=2, n=3, or n=4 intrinsic bulk crystelliza- 
tion may arise depending on the mode of growth. 
In turn, the mode of growth may depend on the 
nature of impingements and the details of chain 
structure, 

A drastic reduction in the lengthwise growth rate 
may occur in polymers that are partially atactic, 
and partially isotactic (or syndiotactic), and possess 
large side groups. The primary nuclei would tend 
to form from the isotactic portions of the chain. 


Then, as the lengthwise growth proceeded, atactic 
portions would be encountered. If the lattice 
mismatch was bad, the lengthwise growth would 


probably be greatly slowed down. The maximum 


degree of crystallinity attainable would also be 
reduced. The lattice mismatch would be much 


less serious if the side groups were small. There is 
no evidence of a diminution of the growth rate in 
polv(chlorotrifluoroethylene), or of an unusually 
low limit on the degree of crystallinity. It is 
therefore reasonable to suppose that the polymer 
supplied was either largely isotactic or syndiotactic, 
or that the Cl side group was not sufficiently different 
in size from the others to prevent the formation of a 
(rotationally disordered) crystal from the atactic 
polymer. The former possibility seems the most 
likely. 

In region C, the embryos transported from the 
superheated state will in some cases become nuclei 
stable at f=0. This will cause the n value to be 
lower than it would be in the case of nuclei born 
sporadically in time. Crystallization studies are 
sometimes made by reheating thin quenched films 
to the growth temperature. It would appear likely 
that such specimens would contain predestined 
nuclei, and thus behave, at least in part, like those 
that had been deliberately seeded. This factor 
renders uncertain the interpretation of some of the 
low-temperature rete of crystallization data in the 
literature. 

The use of seed crystals derived from a previous 
crystallization carried out under conditions conducive 
to homogeneous nucleation is an important part of 
the proce -edure used in the present paper. In general, 
the seed-erystal isotherm should have an n value 
lower by unity than the homogeneously-initiated 
isotherm. The reader is cautioned not to use foreign 
particles as the “seeding” agent, since these will 
frequently induce a spherulitic mode of growth in a 
temperature range where the intrinsic mechanism 
may not be spherulitie. 








The statement, or at any rate the implication, is 
sometimes found in the literature that, in careful 
work, the intrinsic mode of growth is always found 
to be spherulitic. The present work would suggest 
on both theoretical and experimental grounds that 
no such general concession to the primacy of in- 
trinsic ‘“n=4” or spherical growth at all tempera- 
tures be made. As noted previously, homogeneously 
induced spherulitic growth should and evidently 
does exist, [84, 35]. However, the present work 
provides what in our view is an equally credible 
demonstration of homogeneously induced one-di- 
mensional growth leading to n=2 bulk erystalliza- 
tion isotherms. The growth mechanism in this case 
is in fact among the simplest and most straight- 
forward imaginable. We would also emphasize 
again the possibility that homogeneously induced 
disk-like growth leading to n=3 isotherms may 
arise in certain polymers. 

In other presentations, a single expression, usually 
of the general form of J,, is often used to describe the 
rate of primary nucleation in bulk polymers at all 
temperatures below 7,,. It would be extremely curi- 
ous if J, applied at all temperatures for all polymers. 
The expression for /, is derived on the assumption that 
r and/ are unrestricted by any “minimum” molecular 
dimensions. Remembering that the size of the nuclei 
in region A depends on certain surface free energies and 
the temperature, the latter in such a way as to cause 
the nuclei to rapidly diminish in size with an increase 
of AT, and recalling that polymer chains are com- 
monly regarded as having a segmental character, if 
would be : surprising indeed if at some temperature a 
restriction from /, and later 7, did not require consid- 
eration. In any event, we have shown that effects 
resulting to this general type of restriction enter in 
the case of poly(chlorotrifluoroethyvlene). 

It would be of considerable interest to carry 
out precise experiments designed to reveal the AB 
and B--C transitions. In carrving out such studies, 
it should be borne in mind that a rapid nucleation- 
controlled growth mechanism may tend to obscure 
details of the primary nucleation, especially in the 


ease of two- or three-dimensional growth. Thus, 
for two-dimensional growth, one might have 


Z,01,G? or Z7;%1pG?, where G2>G; here it would 
be quite difficult to see the A-+B and B-sC transi- 
tions experimentally. As one would expect, studies 
on nucleation and growth mechanisms in nonpoly- 
meric systems reveal no A—>B transitions, and the 
primary nucleation follows a A7T™ law. 

The foregoing covers some of the more obvious 
possible extensions of the present type of analysis, 
and highlights a few of the difficulties that may be 
encountered in any attempted application. Even 
with this, the presentation is incomplete. For in- 
stance, the theory for a bulk homopolymer where 
g,is comparable to ¢, has not been pursued, nor have 
the interesting details of the A->+B and B-C transi- 
tions been fully delineated. Nevertheless, the theory 
given does seem to illuminate certain aspects of the 
intrinsic bulk crystallization phenomenon in polymers 
to the limited extent to which it is now known. 


9. Appendix 
9.1. Derivation of Equation (4) 


From a formal standpoint, the derivation given 
below is based on the treatment due to Mandelkern 
[5], and Mandelkern, Quinn, and Flory [6]. The 
principal reasons for repeating this derivation here 
are (a) to clarify the meaning of x, (their 1, or 
A»), and to indicate why it is actually not precisely 
invariant with x, (b) to show how their approach 
may be applied directly to the particular crystalliza- 
tion variable, x, used in the body of the present 
paper, and (c) to indicate the theoretical values as- 
sumed by x, in several situations of interest. The 
derivation is intended to apply homopolymers 
that can eventually achieve a high degree of crystal- 
linity. 

Consider a polymer specimen of total mass VM). 
Let d\f. be the increment of mass transformed into 
the crystalline state in a time dt on a free growth basis, 
so that .\/{ is the mass at time ¢ on the same basis. 
Take d\f, to be the actual mass transformed in an 
interval df, so that .W/, is the actual mass transformed 
up to ¢. The fraction \V,/\My is x, and dAMM./Mp is 
dx. It is assumed that V/, is less than VW? at any 
given time owing to various retardations to the 
growth, and the depletion of crystallizable material. 
The mass fraction transformed on a free growth 
basis, xX’, is MWi/\f,. This quantity is called the ‘free 
bulk growth rate” in the text. 

Define a retardation parameter x,, where x, >0, 
as the mean value of the apparent limiting degree of 
crystallinity in stage 1. This definition is given in 
explicit recognition of the fact that the re ‘tardations 
present near the end of stage 1 (or in stage 2) are 
apt to be considerably different than those near its 
inception. x, Will thus be used to deal approxi- 
mately with the retardations in the region where the 
crystallization is ascribable to concurrent nucleation 
and growth, i.e., nearly up to the point of massive 
impingement at xX,». On no account is it intended 
to convey that x, is, generally speaking, the true 
limiting degree of crystallinity in the system. The 
true limiting degree of erystallinity would by defi- 
nition be an equilibrium state, undoubtedly only 
difficulty achievable in the type of homopolymer 
under consideration, whereas x,,, as defined here, 1s 
determined by geometric and kinetic factors. The 
connection between x, and the pseudoequilibrium 
degree of crystallinity, x,, will be brought out 
shortly, but it is sufficient at this point to ‘indicate 
that these two quantities will not generally be pre- 
cisely the same on account of the expected differences 
in the retardations in the different portions of stage 1. 

In this situation it is assumed thet 


dM =d Mi » 9 P (A-1) 


i.e., the actual increment of mass transformed in a 
time df is proportional to the increment of mass 
transformed on a free growth basis times the mass 
fraction of (apparently) erystallizable polymer re- 
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maining. However, in any real case the possibility 
must be recognized that higher order terms in x/xX. 
mav exist that lead to deviations from the simple 
first-order rate law represented by eq (A-1). In such 
cases, X» as defined by eq (A-1) will vary with x. This 
is in fact the type of result obtained by Lauritzen 
[16], who rigorously treated a model where rod-like 
objects born at +0 at random positions and orien- 
tations in space grew lengthwise until they impinged 
on other growing rods. In a number of cases of 
interest studied by Lauritzen, x, tended to start at 
a value of x, 40.48 and then drop toward a value 
of x» as the crystallization progressed. x, depends 
on the sealing factor nor’. Here no is the number of 
nuclei per unit volume at f=0, and 7 the radius of 
each growth center. Lauritzen’s calculations provide 
a theoretical justification for the use of eq (4) or 
(A-4) with x,, being considered as an approximately 
constant and mean value of the apparent limiting 
degree of crystallinity in stage 1. It should be ree- 
ognized that the x) and x, values computed from 
Lauritzen’s theory may be somewhat too low to 
apply exactly in some real cases, since all impinge- 
ments may not actually be effective in stopping 
growth. In cases where nor is such that xn2@Xwci, 
the mean value of x, may be quite close to x», but a 
drop of x, with increasing x is commonly to be ex- 
pected. In the experimentally accessible region, the 
mean value of x, may generally be expected to lie 
in the range O<x,<1. The calculations indicate 
that, barring certain effeets such as markedly coni- 
val growth, x, May in practice safely be assumed to 
lie between unity and somewhat below x,,. A value 
of x,» >1 is not excluded at very low x, since here the 
crystals may be truly independent, and consume the 
liquid at the free growth rate, so that d\/,~dM_~ or 
Xv > >1. However, such a contingency will not or- 
dinarily arise in practice. Despite its limitations, eq 
(A-1) may be regarded as an approximate but ade- 
quate way of introducing the effect of retardations 
in the region of superposition. Equation (A-1) is 
certain to fail near and above x,,. 

Dividing both sides of eq (A-1) by V4, and re- 
membering that d1\/,/\/,=dx, there is obtained 


dx AM. 


—= (A-2) 
i—(j/x,) Mo 
which, on integration, vields 
X=X,p[1 —e~ “/ Xe) Mel Mo)) | (A-3) 


The quantity A/j/\f, is the mass fraction trans- 
formed on a free-growth basis, x’, and is readily 
calculated for various geometries of growth and types 
of nucleation. It generally takes the form Z¢” (see 
below). Therefore eq (A-3) leads to 


X=X,,[1—e~ 1x0) 2"), (A-4) 


9.2. Derivation of Equation (5) 
Expand the exponential term in eq (A—4) to obtain 
X= Zt" 


(1/2)(Z?/x,,)t" + (A—5) 


Now differentiate with respect to ¢ to get 
3 


dx/dt=nZt"'—n(2?/X_)2"—+ 2.2,  (A-6) 


and then divide by eq (A—5) and rearrange to find 


n= (t/x) (dx/dt)[1+ (1/2)(Z/xX»)t*"+ .. J. (A-7) 
Z must now be eliminated. Using eq (A-5) to find 
7= xt~" (to the required accuracy only the first term 
need be retained), there is obtained 


n= (t/x) (dx/dt)[1+ (1/2)(X/Xw)+ ...J. (A-8p 
9.3. Free Growth Rate of Crystallites Born at the Same 
Time (Heterogeneous or Seed Crystal Nucleation) 


There are %) growth centers per unit volume in the 
system, and all are active at t=0. Then from the 
general formula [5] for the free growth rate, we have 


M: 


7 (A-9) 


x’= =no(V,/V.)v’ (t,0), 


where v’(t,0) is the volume of a given crystallite at 
time ¢. 

One-dimensional Growth: Let 7 be the radius of the 
rod, which is taken to be of circular crosssection. 
Define G=d7//dt as the rate of lengthwise growth of 
the rod. Gis taken to be constant at a given tem- 
perature (lineal growth). Then v’(t,0)=77?Gt, so 
that 


M. 


= no V; / V.) a’Gt=yt. (A-10) 
My 


(n=1) 


Two-dimensional Growth: If 4 is the thickness of a 
disk growing radially at a rate G,=dr/dt, and r is the 


radius, then 2’ (t,0),=74G°t?. Therefore, 
Mo -=S SG ms : 
uw no( V/V.) rat? =Z,t?. (A-11) 
abt) 


(n=2) 


9.4. Free Growth Rate of Crystallites Born at Later 
and Later Dates (Homogeneous or Pseudohomo- 
geneous Nucleation) 


Forjobjects born at uniformly later and later times 
[5], 
M. ant oar oa wes te , 
ret A | Iv'(t,.)dr — (A-12) 
My J0 


I is the rate of injection of nuclei per unit volume, 
r the birth time of a particle, where 7<#, and 
v’(t,r) is the volume at time ¢ of a particle born at r. 
The quantity Jdr represents the number of nuclei 
generated in a time dr. 
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One-dimensional Growth: A nucleus born at 7 occu- 
pies a volume 77°G(t-7), since f-7 is the time it has 
grown. Hence, for constant J and G, 


7 (V, V)a71G |. (t—r)dr 


(V,/V.) (a??/2) IGP =Z.t?.  (A-13) 
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Price, D. Turnbull, S. Peiser, and J. D. Ferry for 
their critical review of the manuscript. Special 
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Energy spectrum resulting from electron slowing 
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down, R. 'T. McGinnies, NBS Cire. 597 (Feb. 1959). 


The process of electron slowing down is described qualitatively 
and the resulting energy spectrum defined in terms of differ- 
ential track length. A method developed by Spencer and 
Fano for the calculation of the electron spectra has been 
applied extensively by means of an automatic computer. 
The accumulation of secondary knock-on eleetrons is in- 
eluded in the calculations and bremsstrahlung losses are 
neglected. Tabulations of differential track length are given 
for aluminum, copper, tin, lead, air, water, bone, muscle, and 
polyethylene (C,Hy), with up to 17 source energies each. 
Source energies range from 10.46 million electron volts to 
6.438 kiloelectron volts. A tabulation of the probability 
for the production of knock-on secondary electrons is also 
given. These data are an abstract of a much larger tabula- 
tion, printed by the computing machine, which is available 
on loan from the library of the National Bureau of Standards. 
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Can the seales of atomic weights and nuclidic 
masses be unified? KE. Wichers, Phys. Today 12, 
No. 1, 28 (Jan. 1959). 


This paper presents both the chemical and physical points 
of view on the problem of a unified scale of atomic weights 
and nuclidie masses. 


Characterization of the high speed impact be- 
havior of textile yarns, J.C. Smith, F. L. MeCrackin, 
and H. F. Sehiefer, (Conference Issue) J. Tertile 
Inst. (Trans.) 50, No. 1, T55 (Jan. 1959). 


This paper discusses how the impact behavior of textile yarns 
may be characterized in terms of such parameters as tenacity- 
strain data, breaking energy density, limiting breaking 
velocity, and critical velocity. Methods are given for ob- 
taining the parameters from tests involving impact speeds of 
50 m/sec or less. At greater impact speeds strain-wave 
phenomena become appreciable, but the varn behavior may 
be studied by transverse impact methods. The results of a 
wave theory for transverse impact are given. The theory 
is then applied in a method for measuring longitudinal 
strain-wave velocity, and in two methods for obtaining 
tenacity-strain curves from high-speed transverse impact 


tests. 


analyzers for use 
Costrell and R. E. 
3, No. 6, 350 (Dee. 


Charge-storage pulse-height 
with pulsed accelerators, I. 
Brueckmann, Nuclear Instr. 
1958). 

Storage type pulse-height analyzers for use with low duty 
evele pulsed accelerators are discussed and an analyzer 
described that accomodates up to nine pulses in a single 
burst with a resolution of two microseconds. The pulses to 
be analyzed are temporarily stored as lines of charge on the 
face of a cathode ray tube and are analyzed by means of an 
electron beam that deteets the charge discontinuity at the 
peak of the pulse. The pulse-height information is then 
permanently stored in a magnetic core memory. 


Electron impact studies of hydrazine and the 
methyl-substituted hydrazines, VY. H. Dibeler, 
J. 1. Franklin, and R. M. Reese, J. Am. Chem. Soe. 
81, No. 1, 68 (Jan. 1959). 

Relative abundances and appearance potentials are reported 
for the principal ions in mass spectra of hydrazine, mono- 
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methyl-, 1,1,-dimethyl-, 1,2-dimethyl-, trimethyl- and tetra- 
methylhydrazine. Heats of formation of the radical ions 
and probable ionization-dissociation processes are tabulated 
consistent with the calculated energetics. Molecular ioniza- 
tion potentials computed by the use of antisymmetrized 
orbitals are compared with experimental observations. 
Heats of formation of various hydrazyl and methyl amino 
radicals obtained from the appearance potential data permit 
a determination of bond strengths in the methylhydrazines 
and other nitrogen-containing molecules. 


Initial and remanent permeability spectra of 
yttrium iron garnet, R. D. Harrington and A. L. 
Rasmussen, Proc. IRE 47, 98 (Jan. 1959). 


The initial permeability spectrum of YIG shows a relaxation 
near 10 me and a resonance near 150 me. The relaxation is 
interpreted in terms of a domain wall displacement while 
the resonance is associated with domain rotation phenomena. 
This interpretation is supported by measurement of the 
spectrum in the remanent state. 


Magnetic losses at low temperatures, EK. H. Brown 
and J. R. Brennand, Jr., J. Appl. Phys. 30, No. 1, 
112 (Jan. 1959). 


The total magnetic losses in a silicon steel transformer core 
have been measured at temperatures from 20° to 273° K 
using a variable-frequeney simple-harmoniec flux wave with 
magnetic field intensity amplitudes B,, from 2 to 10 kilogauss. 
The hysteresis, or frequency independent, part of the losses 
was obtained by graphical extrapolation. For all field 
intensities this hysteresis loss increases with decreasing tem- 
perature but the relative increase at any temperature is inde- 
pendent of field intensity. At all temperatures the hysteresis 
loss can be represented, within the accuracy of the data, by 
the empirical equation of Steinmetz W,=w(7T)B,". In 
addition, the exponent n in this equation was found to be 
independent of temperature. <A figure showing the eddy- 
current, or frequency dependent, part of the losses for 0.014- 
inch laminations is also included. 


Movements of airglow cells, F. E. Roach, E. Tand- 
berg-Hanssen, and L. R. Megill, J. Atmospheric and 
Terrest. Phys. 13, No. 1-2, 122 (Dee. 1958). 


The possibility of translatory and rotatory motions of air- 
glow cells is examined. Evidence is presented for translatory 
motions in the 100 km region with speeds of the order of 
100 m/see. Rotatory motions are indicated corresponding 
to a mean period of 5 hr. A broad similarity seems to exist 
between airglow cell motions in the 100 km region and vortex 
cells near sea level. The problem of the mechanism respon- 
sible for the excitation of the oxygen atom to the !S state is 
discussed with particular reference to (a) photochemical 
reactions and (b) environmental effeets. 


On the hydrogen evolution reaction, R. J. Brodd, 


J. Electrochem. Soc. 106, No. 1, 74 (Jan. 1959). 


A method is given for calculating the rates of electrolytic 
hydrogen evolution on a number of metals. The equations 
given result from consideration of a charge-transfer process 
that is controlled by a quantum-mechanical tunneling mech- 
anism. The agreement of the calculated rates with the 
experimental rates is satisfactory. 


Tables of the speed of sound in water, M. Greenspan 
and C. E. Tschiegg, J. Acoust. Soe. Am, 31, No. 1, 
75 (Jan. 1959), 

An equation and tables for the speed of sound in water are 
reprinted from a recent paper published in The Journal of 
Research of the National Bureau of Standards. 








The characteristic size of airglow cells, F. EK. Roach, 
KE. Tandberg-Hanssen, and L. R. Megill, J. Atmos- 
pheric and Terrest. Phys. 18, No. 1-2, 113 (Dee. 
1958.) 

Evidence is presented for the existence of discrete 5577 A air- 
glow cells in the upper atmosphere. Independent analyses 
are based on (a) the comparison of diurnal intensity varia- 
tions in different parts of the sky and (b) the measurement 
of intensity gradients on airglow isophote maps. The 
numerical estimation of cell size is complicated by the fact 
that a single cell is, in general, larger than the region a 
able at a given location. The typical airglow cell for the 12 
nights of the study has a diameter of approximately 2500 km. 


The heat capacity of sulfur from 25 to 450°, the 
heats and temperatures of transition and fusion, 
E. D. West, J. Am. Chem. See. 81, No. I, 29 (Jan. 
1959). 

The heat capacity of sulfur (99.999°% pure) has been deter- 
mined from 25 to 405° with an accuracy of 0.1 to 0.2, using 
an adiabatie calorimeter. The heat of transition of rhombic 
to monoclinic sulfur is 401.7 j./g. atom at 95.31°, the transi- 
tion temperature at saturation pressure. The heat of fusion 
is 1717.6 j./g.-atom at the triple point, 115.18°. The data 
indicate a previously unreported transition near LOL°® to 
which an enthalpy change of 1.6 j./g.-atom has been assigned. 
The behavior of the heat capacity of the liquid in the region 
of its maximum at 159.1° has been investigated in detail. 
The night airglow, F. E. Roach, Proc. JRE 47, 267 
(Feb. 1959). 


A phenomenological description of the night airglow is pre- 
sented, reviewing the historical background, and what is 
known about height, temporal and spatial variations in 
intensity, and movements. The very important relationship 
to aurora and evidence for latitude-seasonal effects are 
examined. 


magnesium-oxide germanium-di- 


The system 
J. Se. 


oxide, C. R. Robbins and E. M. Levin, Am. 
257, 63 (Jan. 1959). 

The phase equilibrium diagram for the system MgO-GeQ, 
has been determined by the quenching method. Three com- 
pounds are found in the system: MgO.GeQ., melting con- 
gruently at 1700 20°C; 2Mg0.GeO.; and 4MgO.GeOs, 
which dissociates at 1495 + 10°C to 2MgO.GeQ, and MgO. 
A region of two-liquid immiscibility extends from 8 to 34 
mole percent of MgO. Optical and x-ray data are given for 
the compounds, including a new monoclinic polymorph of 
MgQO.GeQ, which is analogous to clinoenstatite (MgO .SiOs). 
This polymorph, apparently stable above 1555°C, inverts 
to the orthorhombic form (analogous to enstatite) with 
heating below that temperature. A protoenstatite phase 
was not observed, although a detailed study was not at- 
tempted. Important differences between the MgO-GeQ, 
and MgQ-SiO, systems are that no 4:1 silicate compound is 
known and that MgO.GeQO, melts congruently at a much 
higher temperature than the  ineongruently melting 
metasilicate. 
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